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ABSTRACT 
Silicone rubber (SiR) outdoor insulators are increasingly being deployed in new AC 
and DC high voltage transmission systems thanks to their superior performance in 
wet-polluted conditions compared to traditional porcelain and glass insulators. 
However, in severely polluted environments, sustained discharge activities and dry 
band arcing due to surface contamination cause tracking, erosion, and the loss of 
hydrophobicity on the SiR insulator surface. This degradation can accelerate damage 
to the insulator surfaces, increasing the probability of a flashover and enduring 
insulator failure. 
This thesis presents an experimental study on the electric performance of polluted 
and aged outdoor SiR polymeric insulators using AC and DC voltages. The research 
involved an extensive review of the published literature and an investigation of the 
performance of SiR insulators subjected to different ambient conditions and identifies 
the modes where most failure and degradation occurred on SiR surfaces.  
Experimental investigations were carried out to compare the aging performance of 
two 11kV SiR insulator designs using a rotating wheel dip test under AC and positive 
DC excitations. A standard polymeric insulator design was used and compared with 
insulators that had a textured surface. Both insulator designs were fabricated in-
house using a vacuum casting machine. Several electrical parameters were 
measured during the test to characterise the performance of each insulator. Dry band 
arcing activities were mainly observed on the trunk surface of the conventional 
profile. A decrease in hydrophobicity was measured on the tested surfaces, and 
tracking and erosion defects were also observed on both insulator designs. Leakage 
current measurements showed that drying and discharge activity was greater for a 
conventional insulator compared with the textured insulator, and more severe 
degradation appeared under positive DC tests than under AC. These studies showed 
that insulators with a textured design can improve the performance of SiR insulators 
against tracking and erosion under AC and positive DC excitations. 
The electric field and potential distributions along the leakage surface of the 11 kV 
SiR insulators under dry clean and wet polluted conditions were studied using finite 
element method COMSOL Multiphysics. The critical of high field regions on SiR 
surfaces were identified and the power dissipated in the pollution layer along 
insulator surface was calculated. This study showed useful information about surface 
heating, which could be used to predict of the formation of dry bands.  
An investigation of the pollution layer characterisation on conventional and textured 
pattern designs is described. Several tests were conducted to evaluate the behaviour 
of the insulator surfaces under different conditions. ESDD and NSDD parameters 
were measured for different materials, and evaluations for each design were also 
performed. Leakage conductance measurements on surface designs were 
determined, and the distribution trends of surface conductance were also 
characterised. Different rectangular SiR samples were assessed, and an 
improvement for reducing the pollutant deposition on textured surfaces was 
observed. In 4-shed insulators, the textured design showed comparable ESDD value 
with conventional profile. Textured designs also showed slower growth of the leakage 
current than the conventional design. 
Clean fog tests (based on a high voltage ramp test) were carried out to investigate 
the flashover performance of conventional and textured insulator designs. For 
different ranges of wetting and pollution severity conditions, the textured design 
showed an improvement in the flashover performance that could reach 16 % 
compared to the conventional surface. This indicates that the textured surface seems 
to be more effective under severe ambient conditions. It was also observed that the 
textured insulator design can improve the electrical performance of SiR insulators 
under AC and DC voltages. 
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INTRODUCTION CHAPTER 1: 
1.1. Outdoor insulation for high voltage: functions and problems 
When high voltage electricity was first utilised, it was quickly realised that there 
was a need to design a device that could insulate the conductors from ground 
potential. However, while any solid non-conductive material would be able to 
insulate a potential of few kilovolts between the conductor and ground under dry 
test conditions, it was difficult to design an effective insulator for wet-polluted 
conditions. In the early stages, the highest operating test voltages had been 
between 50 kV and 60 kV. Nonetheless, over the years, an increase in operating 
voltages was necessary. This led to the development of insulators with high 
electrical and mechanical stress ratings and the introduction of new transmission 
system designs [1-1]. 
Increased pollution also raised other challenges for insulator design. Higher 
production from agricultural and industrial resources increases the amount of 
pollution deposited on insulators. Thereby, the environmental influence is          
an important factor for selecting an insulator [1-1]. 
Silicone rubber (SiR) insulators are widely adopted for outdoor insulation. This is 
due to their superior surface properties for water repellency and their ability to 
transfer the hydrophobicity to the adhering pollutants. Unlike hydrophilic 
insulators (ceramic), SiR forces water to be deposited as discrete beads on the 
insulator surface, which means that it is difficult for a continuous thin layer of 
water to be formed. The reduction of surface wetting, therefore, leads to              
a reduction in the discharge activity and dry band arcing on the polymeric surface 
and ultimately improves the anti-pollution performance. 
Pollution flashover constitutes the predominant parameter for the design and 
dimensioning of high voltage insulators [2-7]. A widespread review work by 
CIGRE [1-2, 2-42], adopted by the recently revised international standard [3-2], 
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has overturned the traditional method where the creepage distance between the 
insulation terminals determined the selection process for polluted environments. 
It is now accepted that other elements strongly affect the pollution performance 
as well. These are related to the electrical system requirements, the type of 
environment and pollution, and the insulator design [2-81]. 
The aging of SiR insulators under AC and DC excitation, however, is still not fully 
understood. Little is known about the aging mechanisms involved at the different 
stages and their influence on the lifetime of polymeric insulators. Results 
obtained from aging test methods are generally accepted, showing that there is          
a good relationship between the field and laboratory aging results [1-3]. This 
gives the motivation to investigate the aging of insulator materials under High 
Voltage Alternating Current (HVAC) and High Voltage Direct Current (HVDC) 
excitation using the Rotating Wheel Dip Test (RWDT) and other tracking and 
erosion tests. 
1.2. Impact of weathering on flashover performance of polymeric 
insulators 
The adoption of polymeric insulators in transmission systems started in 1970 .  
SiR and ethylene-propylene-diene monomer (EPDM) are the main classifications 
used in housing materials. Most users have employed EPDM insulators for 
relatively clean areas. However, SiR insulators have been utilized in both clean 
and contaminated environments. The superior hydrophobic properties of SiR 
insulators make them an attractive option for difficult environments where other 
types of insulators (including glass and porcelain) have exhibited problems 
related to the leakage current and flashovers [1-4]. 
However, in contrast to ceramic insulators, the surface of polymeric insulators is 
known to be changeable with time due to aging. It is also well known that in SiR 
insulators, the pollutants may be covered by a layer of silicone oil (LMW). In 
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polymeric insulators, the pollution removel is more difficult than on glass and 
porcelain insulators. This  denotes that there is an interaction between the 
contaminant and the polymeric surface. The performance of polymeric insulators 
is dependent    on all these features [1-4]. 
The housing materials of polymeric insulators have been extensively observed, 
and it was found that they change due to exposure to weathering outdoors. 
Extensive degradation, such as cracking, crazing, tracking, and erosion, might be 
noticed on their surfaces. In turn, surface degradation encourages water 
accumulation and increases the possibility of flashover. In some places, 
flashovers have been seen in the early morning time during wet and misty 
conditions [1-4]. 
There have been many investigations of the flashover performance of polymeric 
insulators [1-5, 2-1]. Some have achieved good evaluations and have revealed 
that the flashovers are mostly on EPDM insulators. As this type of insulator is still 
used in service, predicting its future flashover performance is very important for 
system stability and reliability. 
It has also been recognised that, in some cases, the non-soluble component of 
surface pollutants affects the pollution performance. Non-soluble deposit density 
(NSDD), which refers to the amount of non-soluble material per unit surface area, 
is used as an indicator of the inert component of contamination. NSDD is 
calculated by filtering the water obtained from the equivalent soluble deposit 
density (ESDD) measurement, drying the filter, and measuring the weight 
increase.  However, ESDD is not a sufficient index of pollution severity on 
composite insulators exhibiting high hydrophobicity, and it may not provide all 
benefits of polymeric insulators performance.  
Other approaches are needed to characterize the aging and pollution 
performance of composite insulators. Measuring the surface resistance at low 
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voltage in the absence of discharges through the measurement of the leakage 
current under wet conditions has been proved to be a successful                
method [1-4,1-6]. The leakage current measured represents the actual leakage 
conductance of the surface, taking into account the variations of the surface 
wettability and the interaction between the pollutant and the polymeric surface. 
1.3. Objectives of the present work 
Over the last four decades, extensive efforts have been made to achieve a better 
understanding of the aging in composite outdoor insulation materials, by utilising 
different methods to investigate the materials’ properties and their surface 
changes due to degradation [1-7, 1-8]. Several experimental techniques have 
been conducted to assess the surface degradation due to discharge activities 
and dry band arcing, where the heat represents a predominant factor of 
degradation. There is a lack of information regarding the heat developed at the 
surface of SiR insulators during the dry band activities. However, with the use of 
modern thermal imaging tools, it has become easier to identify thermal stress    
on the insulator surfaces.  
The textured insulator (characterised by 4 mm or 6 mm square textured patterns 
on the shed and/or shank regions) was proposed by Cardiff University as a novel 
design for SiR polymeric insulators [2-25]. Its pattern aims to improve the 
electrical performance and flashover voltages by reducing both the electric field 
strength and the leakage current density in the shank regions of an insulator.    
An increase in the length of creepage distance can reduce the field stress under 
severely polluted conditions while an increase in surface area could reduce the 
leakage current density in the susceptible shank region. 
In tests based on IEC 62730 RWDT tests [3-1], textured insulators have been 
examined to investigate their electrical performance against other conventional 
insulator designs in order to identify any design that is inappropriate for use in 
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overhead transmission lines. Textured insulators have demonstrated a significant 
reduction in the leakage current and the surface degradation. 
The research programme of this thesis, that is, investigating the performance of 
SiR polymeric insulators under different test conditions is diverse; with tasks 
including fabrication of insulators as well as designing software routing using 
LabVIEW programming for analysing the acquired data, computing the field 
distribution over the insulator surface using modelling based on the finite element 
method, devising low voltage tests for evaluating the surface and the pollution 
layer conductance, and conducting high voltage tests  (RWDT, flashover ramp 
test, and clean fog test).   
The main objectives of this research work are as follows: 
(a) to investigate the long-term aging performance of SiR polymeric insulators 
with different profiles, with textured and non-textured designs using            
a RWDT and to compare the surface degradation under AC and positive 
DC excitations 
(b) to evaluate the localised surface conductance on conventional and textured 
insulators by identifying and understanding the variation trends of the 
conductance and its distribution across the surface of each insulator 
(c) to evaluate the electric field distribution along the creepage path of the 
insulator using COMSOL Multiphysics software and to identify the critical 
high field regions and any useful information about surface heating, which 
might help to detect the formation of dry bands on the SiR surfaces 
(d) to extend the study of the ESDD and NSDD on textured and conventional 
insulator designs and their influence on the flashover level under different 
pollution conditions 
(e) to characterise the leakage layer conductance on conventional and 
textured insulators under different fog conditions and for a wide range       
of artificial pollution levels using AC and DC low voltage sources, and        
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to verify the uniformity of the pollution layer on different areas of the 
insulator surface during the artificial pollution test 
(f) to investigate the flashover performance of textured SiR insulators in the 
clean fog tests and make a comparison with the performance of the 
conventional design, and to quantify the effect of the pollution severity level 
and the wetting rate  
(g) to explore and compare the aging performance of textured and 
conventional SiR insulator designs when energised by alternating and 
positive direct voltages under artificial pollution conditions 
(h) to develop powerful data acquisition software codes using the LabVIEW 
programming language and so acquire and monitor the waveforms of the 
leakage current and voltage applied signals and to then store the data into 
TDMS files for further post processing analysis. For the RWDT, the 
software would require a program for controlling the motor 
1.4. Methodology 
In order to achieve the objectives of the present work, a series of laboratory 
experiments were conducted in the high voltage laboratory at Cardiff University. 
These experiments were performed using different test facilities including the 
RWDT, the surface conductance meter device, and the climate fog          
chamber facility. 
The main methods used are summarised as follows: 
 A series of standard RWDT at voltages of 13 kV AC and 13 kV positive DC 
were performed on two different SiR insulator designs (conventional, and 
textured) to study their aging performance and the degradation levels on each 
insulator surface, and thereby to identify the optimum design used in this work 
 In addition, a series of high voltage tests were applied to both insulator 
designs under the rotating wheel dip test and a conductance meter device was 
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used for surface evaluation. This helped to investigate the performance of 
each insulator design when subjected to severe test conditions. Results for 
conventional smooth SiR insulator designs were compared with the textured 
designs. 
 The electric field and potential distribution along a defined leakage path of SiR 
insulators under dry and wet polluted conditions were studied using a finite 
element analysis, COMSOL Multiphysics software. 
 Based on the modified IEC 60507 solid layer method, an artificial uniform 
pollution layer was applied to the SiR rectangular samples and 4-shed 
insulators with smooth conventional surfaces and with textured patterns in 
order to evaluate the ESDD and NSDD parameters according to the 
procedure described in IEC 60815 for identifying pollution severity levels and 
so determine the pollution performance on each surface design. 
 A series of low voltage tests using  sources of 200 V AC and 320 V positive 
DC voltages were carried out on conventional and textured insulators that had 
been artificially polluted to investigate the evolution of the leakage layer 
conductance under various pollution levels and different fog rates and            
to determine the possible impact of texturing on the insulator performance. 
 A series of high voltage flashovers tests with ramp control were conducted 
under different test conditions to understand the flashover phenomena on 
conventional and textured SiR insulators and to examine the factors that 
influence the flashover, such as the wetting rate and the pollution conductivity. 
 A series of standard clean fog tests at voltages 12 kV AC and12 kV positive 
DC were carried out on textured and non-textured SiR insulators to compare 
and analyse the electrical performance of each design under polluted 
conditions.  
 Monitoring and inspecting techniques, including a visual video camera, 
thermal infrared camera, and hydrophobicity measurements, were used in 
order to detect any indications of aging on the surface of the tested insulators. 
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1.5. Thesis contributions 
1- Comparisons were made of RWDT between conventional insulators and 
textured insulators showing that textured insulator profiles can improve the 
performance of polymeric insulators against tracking and erosions under AC 
and positive DC excitations. 
2- Electric stress regions on the SiR insulator were investigated and revealed 
by means of computer simulations. Good correlation was achieved between 
simulated results and practical observations on the discharge activity.  
3- Based on the extensive tests carried out on conventional and textured 
surfaces to investigate the pollution layer characterisation, the effectiveness 
of textured designs was clearly observed; it reduces the aging of the surface 
and consequently, it reduces the pollution deposition on the insulator 
surface, thereby, improves the pollution performance of polymeric insulators. 
4- A high voltage ramp test procedure was conducted to investigate the 
flashover performance of SiR insulators. Comparison between conventional 
and textured designs was evaluated showing that the textured design can 
improve the flashover performance of polymeric insulators under various test 
conditions. 
5- Using clean fog artificial pollution tests, textured insulators were found         
to exhibit a better electrical performance compared with conventional 
insulators under AC and positive DC voltages. Therefore, textured designs 
can improve the performance of polymeric insulators used in outdoor 
insulation.  
6- Using the LabVIEW software, a novel code program was developed             
to control with very good accuracy, the DC motor of the rotating wheel and   
to acquire the data during the test. 
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1.6. Thesis outline 
This thesis is structured into the following chapters. In this chapter, a general 
introduction of this thesis is given. Moreover, the research objectives, the 
methodology, and the main contributions of this work are briefly described. 
Chapter 2: Comparative performance of outdoor insulators: A review 
In this chapter, a review of published literature related to the research work is 
presented. Specific subjects relevant to the technology of outdoor SiR polymeric 
insulators are demonstrated, including the polymeric insulation materials, the 
chemical composition structure of SiR surfaces that ensure a unique long-term 
performance over different conditions, the loss and recovery of SiR surface 
hydrophobicity, and the contamination processes of SiR insulators under AC and 
DC excitations that contribute to the aging or the degradation process. 
Furthermore, the research work and design principles of textured profiles that 
preceded this work are also described. The impact of the environmental 
conditions and the electrical stress factors on polymeric insulator performance is 
also discussed. Flashover vulnerabilities on DC and AC systems and the 
flashover mechanism on SiR insulators are also investigated. The performance of 
the SiR insulators when energised by AC, positive DC and negative DC voltages 
is also discussed. 
Chapter 3: Experimental facilities, samples and test arrangements 
The SiR insulator designs with the smooth conventional surface and with textured 
patterns used in this work, in addition to the experimental facilities and 
techniques used for evaluating the performance of SiR insulators under different 
conditions are described. The RWDT facilities have been selected to investigate 
the suitability of the material and/or the design of SiR insulators for use on 
overhead transmission lines under AC and positive DC excitations. The fog 
chamber facility has been selected to simulate the climatic conditions, with the 
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systems used for generating the electrical stress on tested insulators and 
measuring the leakage current on the surfaces. Details are given of the possible 
arrangement of the conductance meter and its technique, which was used for 
evaluating the surface conductance on tested samples. The motor control 
program and its interfacing with the data acquisition systems specially designed 
for RWDT and the fog chamber used to acquire, monitor, and store live test data 
are illustrated. The post processing software system that was used to analyse the 
stored data together with the thermal and visual cameras records are also 
presented. The in-house making of the SiR insulators using an MCP 5/01 
vacuum casting machine is described. Furthermore, details are given of the 
preparation of pollution suspension and of the techniques used to measure the 
pollution level on the insulator surfaces. 
Chapter 4: Comparative performance of silicone rubber insulators under 
HVAC and HVDC energisation using the Rotating Wheel Dip Test 
This main purpose of this chapter is to compare the aging performance of SiR 
polymeric insulators under AC and positive DC energisation. The well-established 
IEC RWDT test, that was used to evaluate two different SiR insulator designs 
(conventional and textured), are presented, and the results of long-term 
performance testing are reported. Estimation of hydrophobicity using the STRI 
hydrophobicity classification guide is also presented. Moreover, details are given 
of the measurements of localised surface conductance that were evaluated using 
a surface conductance meter to understand the variation trends in the 
conductance and its distribution on each insulator surface. In addition, presents 
the investigation of electric field stress on silicone rubber insulators by using 
computer simulations and laboratory test conditions. A commercial finite element 
software is employed for insulator modeling to determine the electric potential 
and field distribution along the leakage path under dry and wet polluted surface 
conditions. The simulation results are discussed in this chapter. 
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Chapter 5: Artificial pollution layer characterisation on conventional and 
textured silicone rubber insulators 
In this chapter, investigations of pollution layer characterisation on conventional 
and textured insulator designs are described. In accordance with the clean fog 
testing method, many tests were carried out to evaluate the changing behaviour 
of the insulator surfaces under different conditions. ESDD and NSDD parameters 
are measured for different materials and each design is evaluated. Low voltage 
tests using AC and positive DC excitations to assess the conductance 
characteristic of SiR insulators are also conducted. In addition, details are given 
of the surface conductance measurements that are evaluated to provide a better 
understanding of the flashover voltage performance of textured and conventional 
designs. 
Chapter 6: Performance of artificially polluted silicone rubber polymeric 
insulators using the clean fog chamber facility 
The flashover performance of SiR insulators is investigated using clean fog tests 
based on a modified version of IEC 60507 solid layer methods. Extensive series 
tests of the flashover ramp test were performed under different conditions to 
evaluate the effect of the pollution severity level, fog rate, and insulator profiles 
on the flashover performance. The comparative aging studies of different 
insulator designs using alternating and positive direct voltages under artificial 
pollution conditions were also explored. Moreover, visual and thermal cameras 
were employed to monitor and inspect any feature of aging on the insulator 
surface during the test. 
Chapter 7: Conclusion and Future work 
The final chapter presents the overall conclusions based on the findings of this 
research study and outlines some suggestions for future work. 
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COMPATATIVE PERFORMANCE OF OUTDOOR CHAPTER 2: 
INSULATORS: A REVIEW 
2.1. Introduction 
The growth of the energy sector is facing many challenges. The integration of 
systems that  generate power from renewable sources, the trend of using high 
voltage direct current (HVDC) transmission networks, and the environmental 
legislation regarding the effect of carbon dioxide emissions are just a few 
examples of these concerns that will figure in the future of the energy challenge. 
However, there are also problems that, although they have been known since the 
early stages of high voltage power systems, they have not been overcome. Thus, 
the performance of outdoor high voltage insulators under polluted environmental 
conditions is still an issue of concern.  
It has been proven that the pollution flashover of outdoor insulators can 
contribute to power disruption and outages. The most common causes of 
flashover are over-voltages due to switching and lightning surges and the 
contamination of the insulator surfaces under severe environmental conditions.  
Contamination flashover is an important element in the selection and design of 
outdoor insulators for power distribution and transmission systems. Polymeric 
insulators have been extensively used over the last decades due to their superior 
flashover performance for polluted environments compared with their ceramic 
counterparts; however, under severely polluted conditions, surface discharge 
activities and pollution flashovers are not completely removed.  
Considerable work has been done, both to understand causes of failure             
of insulation systems and to improve the insulator performance for use                
in severely polluted areas without any flashover. Different artificial pollution test 
methods have been conducted to simulate the ambient test conditions under 
realistic withstand voltages. In such tests, the insulator is energised by               
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an appropriate voltage source (AC or DC), and its contaminated characteristics 
are evaluated by recording the voltage and leakage current. 
2.2. Outdoor insulators 
The demand for electrical energy has been increasing gradually. For transmitting 
a massive amount of electricity, high voltage transmission systems have been 
extensively used. In the transmission system, high voltage apparatus, such as 
insulators, play a significant role for attaining normal operation of the power 
supply [2-1]. 
Outdoor insulators are widely used in power transmissions and distribution 
networks. They help in providing mechanical support to the overhead line 
conductors, and they isolate them electrically from the tower. This section aims   
to provide an insight into three different insulating materials in use today: 
porcelain, glass, and polymers. Porcelain and glass are also known as ceramic 
insulators, and polymeric insulators are known as composite or non-ceramic 
insulators. Different profiles of insulators are selected based on the 
environmental conditions and the application for which they are used, for 
instance, suspension, tension, and post types. Insulators are also available with 
different dimensions and designs according to the voltage rating [2-2, 2-3].   
2.2.1. Porcelain insulators 
Porcelain insulators have been well known in the power system industry for         
a long time and are still the most widely used. This inorganic material has 
demonstrated relatively higher thermal resistance and strength regarding 
degradation of the surface. Porcelain is a highly glazed surface [2-2, 2-4]; this 
gives the insulator better self-cleaning properties in heavy pollution areas and 
helps reduce the discharges activities at sharp edges.  Moreover, the glaze is 
chemically inert due to the strong molecular bonds that form the porcelain 
 14 
 
material. Therefore, the insulator is mechanically solid and has a good resistance 
surface against corrosion [2-2, 2-5, 2-6]. Figure 2-1 shows a typical standard 
profile of a cap-and-pin porcelain insulator, with the main components of a glazed 
porcelain shed and metal cap-and-pin, which are all embedded together with the 
mortar [2-7]. The insulators are joined in series to achieve a string. The number 
of units used in the string varies based on the system voltage. 
 
Figure 2-1: Standard design cap-and-pin porcelain insulators. 
2.2.2. Glass insulators 
Glass insulators have been used in service for up to 70 years, as is discussed     
in detail in [2-8]. These insulators offer great resistance due to the thermal 
handling they receive. With this handling, insulators have enhanced their 
mechanical properties compared with porcelain cap-and-pin insulators [2-2]. 
Toughened glass insulators (Figure 2-2) have the advantage of facilitating the 
inspection of the electrical lines even in the case of breakage. Though the glass 
disc smashes into small parts, the mechanical strength of the insulator remains 
the same as for the unbroken insulator [2-2].  
 
Figure 2-2: Cap-and-Pin glass insulators. 
Porcelain shell 
Iron cap Iron pin 
Mortar 
Cap 
Pin 
Glass shed 
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Nonetheless, glass has a lower melting point than porcelain, making it more 
susceptible to surface erosion owing to the heat produced by surface discharges 
[2-2]. Thus, problems occur in contaminated environments where channelling of 
the glass surface, particularly the undersides, undermines the mechanical 
strength of the unit [2-8]. 
The flashover performance of ceramic (glass and porcelain) insulators under 
polluted conditions is substantially reduced, and a larger number of units is 
required resulting in a heavy insulator string. Therefore, to reduce the size of high 
voltage apparatus systems, the use of polymeric insulators have been 
introduced. These insulators are light in weight and have a water repelling 
surface, which ensures excellent performance in polluted environments. 
2.2.3. Polymeric insulators 
Due to the increased demands for electricity, it is becoming important to raise the 
capabilities of power transmission and distribution networks, which has led 
industrialists to develop and design lighter insulators that have good mechanical 
and electrical properties compared with porcelain and glass insulators. In 1970, 
the first generation of commercial polymeric insulators was introduced [2-9, 2-10]. 
With this inception, developments of composite or non-ceramic insulators 
increased rapidly [2-11]. 
Currently, polymeric insulators are being used in various applications, which 
include housings, bushings, and simple insulators. This is due to the numerous 
advantages that they have over porcelain and glass insulators, namely, reduced 
weight, excellent electrical strength, easy handling and transportation, reduced 
breakage, and improved resistance to vandalism; recently, they also have 
improved contamination performance. Nonetheless, despite these advantages, 
they have a limitation in the form of aging [2-12, 2-13, 2-14], that is, degradation, 
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which has a negative influence on their performance and makes them liable       
to damage. 
2.3. Composite insulation materials 
Since the development of lightweight composite insulators has increased widely, 
various types of polymeric materials have been used for overhead insulation 
systems. These include epoxy resins, ethylene-propylene rubber (EPR), and 
silicone rubber (SiR) [2-15, 2-16, 2-17]. Each material provides particular 
characteristics to protect the insulator rod from the degradation that may occur 
due to the environment and electrical discharges. 
Currently, epoxy resin materials are suitable for distribution insulation with           
a voltage up to 69 kV, and their long-term performance in clean environments is 
relatively successful. However, in polluted environments, their performance is 
unsatisfactory. This is because of hydrolysis, in which de-polymerization of the 
cast resin occurred then, will ultimately lead to electrical tracking and poor 
ultraviolet resistance of epoxy resin. Therefore, the use of these materials has 
been restricted to apparatus like bushings and bus insulators [2-15]. 
There are three types of EPR in common use in overhead outdoor insulations: 
ethylene-propylene-diene monomer (EPDM), ethylene propylene monomer 
(EPM), and a copolymer of silicone [2-15, 2-16]. These materials are appropriate 
for distribution and transmission systems with up to 765 kV [2-15]. The long-term 
performance of EPR in clean and dry conditions has been proven, whereas the 
performance in polluted conditions is not known. SiR for overhead insulation 
systems is represented by three common categories: liquid silicone rubber (LSR), 
room temperature vulcanised rubber (RTV) and high temperature vulcanised 
rubber (HTV). Both RTV and HTV categories have high levels of alumina 
trihydrate (ATH) and fumed silica, and they are the most commonly used. 
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However, LSR is still in the early stages, though its usage is increasing       
rapidly [2-15]. 
Unlike other types of polymeric materials for electrical insulation, SiR has been 
shown to be the most reliable material for outdoor electrical insulation       
systems [2-15]. This is attributed to the superior performance it offers under 
contaminated environments. For example, SiR materials have demonstrated an 
excellent water repellent surface. This feature prevents the formation of polluted 
water films on the insulation surface, hence, increasing the possibility of 
suppressing leakage current activities and, thereby, limiting flashovers and power 
outages [2-17]. During the transient period, wherein the water repellence is 
temporarily lost, the ATH filler protects the silicone from degradation while the 
discharge activity and dry band arcing occurs on the insulation surface. After       
a short drying period, the silicone material recovers its water repellence, and    
the protection is restored [2-15].  
Significant improvements in the performance and quality of polymeric materials 
have been made since their first introduction for use in high voltage distribution 
and transmission systems. However, the long-term behaviour of these materials 
is not fully understood, and further research is required regarding the following 
aspects [2-18, 2-116, 2-117, 2-118]: 
 understanding polymeric materials’ mechanical, chemical, and electrical 
aging 
 investigating the composition of polymeric materials 
 Choosing an appropriate insulator design and manufacturing 
 improving the monitoring techniques of the performance of in-service 
insulators   
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2.3.1. Silicone rubber 
SiR material now seems to be the preferred option for overhead insulators due to 
its excellent hydrophobic properties compared with other polymeric materials. 
Many researchers [2-7, 2-19, 2-20, 2-21] believe that the hydrophobicity of SiR is 
due to the low molecular weight (LMW) silicone chains that are diffused to the 
surface. The migration of LMW silicone oil from the bulk to the surface allows the 
material to recover its hydrophobicity if it is lost. Figure 2.3 shows the chemical 
composition of SiR, in which LMW comprises methyl groups (CH3) attached       
to silicone (Si) and oxygen (O) atoms. The chemical structure of SiR contains          
a repeating (Si-O) chain backbone [2-18]. This chain is very stable, giving the 
material a greater ability to resist the effects of heat, ozone, and ultra-violet (UV) 
radiation, thereby, ensuring a long-term stable performance over an extensive 
range of in-service conditions [2-22].   
 
Figure 2-3: Chemical structure of silicone rubber. 
2.3.2. Texturing of silicone rubber polymeric insulators 
The widespread use of SiR insulators for overhead lines and distribution systems 
has not led to the complete elimination of discharge activities and dry bands even 
with the use of superior hydrophobic materials. Therefore, the surface 
degradation and insulator flashover due to these discharges is still a subject of 
concern. Harsh environmental conditions would still result in discharge activities 
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on the insulator surface, and the design of SiR insulators remains very simple 
due to the moulding limitations, which prevent the development of complex 
insulator profiles [2-23]. 
The leakage current and the electric field strength on the polluted surface of SiR 
insulators have the greatest density in the regions of the smallest contour edges 
around the shank areas, resulting in increased surface power dissipation. 
Consequently, localised heating leads to the formation of dry bands, and this, 
with surface discharge, may eventually cause degradation of or damage to the 
insulator surface [2-23, 2-24]. 
Textured insulators are a novel approach [2-25] to the design of polymeric 
insulators and have brought many advantages to improving insulator 
performance. Various textured designs of the polymeric surface may be achieved 
by using a pattern comprising an array of contiguous or overlapping 
protuberances. 
The aim of this design is to reduce the power dissipation by reducing both the 
electric field strength and the current density in the shank regions.  This may be 
managed by increasing both the surface area and the creepage distance of the 
insulator without increasing its overall longitudinal length [2-23].  
Furthermore, it is observed that compared with conventional samples, textured 
patterns might mitigate the damage induced on polymeric materials due to 
surface discharges by presenting multiple paths for current conduction: when one 
current path initiates drying as a result of Joule heating, its resistance will 
increase. At this instant, the current flow will shift to a different path of lower 
resistance before significant thermal degradation occurs [2-23]. 
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2.3.3. Construction of silicone rubber insulators 
Long-rod SiR insulators, which are used for different overhead lines and 
distribution systems, have the same design structure, but the size of these 
insulators and the end fitting shapes are variously based on the application for 
which they are used [2-2]. A cross-section of the standard SiR insulator used      
in this work is shown in Figure 2-4. 
 
The SiR polymeric insulators are composed of three main components [2-12]: 
1- The fibreglass reinforced core, which is an internal part of a polymeric 
insulator, is intended to provide the mechanical strength. 
2- The metal end fittings are usually forged steel or aluminium alloy and are 
selected to convey the mechanical load to the core. Their shape is very 
important to limit the corona discharges that cause the polymeric material 
to become fragile and possibly to crack, thereby, damaging the insulator 
due to moisture ingress into the fibreglass core [2-26]. 
3- The housing, which is the external part of the core, consists of weather 
sheds and a sheath. The weather sheds provide the required leakage 
distance, and the sheath is an insulating material between the core and 
the weather sheds. 
 
 
 
Aluminium end fittings  
Fibreglass core 
Housing 
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Figure 2-4: Cross-section of 11kV silicone rubber insulators. 
Composite SiR insulators can be manufactured using several techniques. 
However, today, the most commonly used technique involves moulding the 
insulator housing directly around the fibreglass core. In this manner, the housing 
can be chemically joined to the core [2-12, 2-27]. 
Metal end fittings, which are made of forged steel or aluminium, can be attached 
to the core in different ways. Crimping is the strongest method and is most 
commonly used for the attachment to the rod [2-1, 2-28]. 
The SiR material used for this work has significant advantages over porcelain 
and glass insulators. The most significant advantages of SiR insulation are 
associated with the reduced weight. The weight of a polymeric insulator is usually 
about 10% of its porcelain or glass equivalent. This makes it attractive in many 
ways, especially regarding cost reduction [2-29]. In addition, polymeric insulators 
offer several other advantages over traditional ceramic insulators and so have 
generated considerable interest among utilities, including the following:  
 lower cost of design towers, construction transportation, and maintenance 
 increased transmission capacity of existing lines by providing a light and 
practical tower design, which requires little space and is sufficiently 
flexible to accept more circuits [2-30, 2-31] 
 high mechanical strength, which allows the construction of long spans     
of towers [2-9, 2-12] 
 reduced vulnerability to severe damage from vandalism that causes      
the insulator shatter and drop the conductor [2-32] 
 improved contamination performance for outdoor service due to their low 
surface energy, which means they can maintain a good hydrophobic 
surface property in severely polluted environments [2-33, 2-34] 
 better ability than glass and porcelain insulators to withstand higher           
voltage [2-35]  
 22 
 
 improved flashover performance under polluted and wet conditions by 
limiting the formation of a continuous film of water [2-2, 2-36, 2-37, 2-38] 
Nonetheless, despite these advantages, some problems arise with the use         
of polymeric insulators:  
 exposure to dry band arcing and weather conditions; these may cause 
changes in their chemical composition, thereby, reducing the electrical 
performance of the insulator [2-39] 
 tracking and erosion, which may lead to flashover and ultimate 
degradation of the insulator [2-11] 
 crazing and chalking of the insulation surface, which is attributed             
to increased pollutant collection, arcing, and flashovers 
 weakening of the mechanical strength and bonding breakdowns along the 
shed rod interface [2-10] 
 loss of hydrophobicity due to the exposure of UV radiation, heat, moisture, 
and electric discharge activities that may occur on the insulator surface 
 unknown long-term endurance and life expectancy are unknown and 
difficulty in detecting faulty insulators 
Due to utilities’ increased experience with these insulators through extensive 
research conducted in laboratory and field test stations, several problems, 
included tracking, erosion, loosening of end fittings, cutting of the corona and 
inadequate bonding between the fibre core and shed materials  have almost 
been eliminated by the use of new manufacturing techniques and excellent 
materials [2-27, 2-28]. The new technology of polymeric insulators has 
possibilities for use in many applications of high voltage systems. However, their 
expected lifetime is still an issue of concern to some power utilities. Therefore, an 
additional understanding of their long-term reliability would be valued and could 
stimulate further growth in their use [2-12]. 
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2.4. Pollution influences on silicone rubber insulators 
In order to increase the reliability of power grids, much research has focused      
on high voltage insulators. This key element of the transmission and distribution 
system is still susceptible to various environmental conditions [2-40]. Indeed, 
outdoor insulators suffer from natural and industrial pollution with serious 
problems of flashover occurrence. The natural pollutants are classified into two 
main types, namely, soluble and non-soluble. The soluble component is 
commonly expressed in terms of equivalent salt deposit density (ESDD), which 
refers to the amount of sodium chloride (NaCl) in milligrams (mg) per unit surface 
area of the insulator (cm2). The non-soluble component, such as Kaolin, is 
normally defined in terms of non-soluble deposit density (NSDD), which 
corresponds to the number of milligrams of kaolin removed from a certain surface 
of the insulator divided by the area of this surface (cm2) [2-115]. 
2.4.1. Pollution cumulative on insulator surfaces 
The contaminant elements are transferred to the insulator surfaces by the 
influence of the air; the larger amount of pollution is usually deposited in the shed 
regions. The main process of contaminant deposition can be described              
with the following steps [2-2, 2-41]: 
1- The material particles are transported towards the surface of the insulator 
by the air. 
2- The particles flow close to the energised surface due to the action of three 
major forces; the wind, electrostatic and gravitational forces. 
3- The part of the airborne particles that is relatively heavy is deposited at 
the surface point where no force will to remove it. 
Much more importantly, it was identified in [2-2], which investigated the standard 
of ceramic insulator types, that the effects of the vortex to the air flow may 
increase the deposition of smaller particles at the edges of the skirts and sides of 
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the insulator surface whereas, with the technology of polymeric insulators, this 
has been overcome by the introduction of smooth aerodynamic profiles. 
The importance of aerodynamic influences in pollution depends not only on the 
electrical conditions, to which the airborne particles are subjected to but also of 
their long range. In addition, many contaminant particles are electrically charged 
by friction effects and by a combination of ions caused from industry.  
Such particles will be enhanced by any electric force added to their aerodynamic 
and gravitational forces; they will be attracted when they are exposed to the 
range of charged DC electrodes, but will stay free under AC fields. In contrast, 
the corona activity that causes copious flows of ions and very heavy dirt 
deposition is seen in DC, but is not observed in AC tests [2-43]. For this reason, 
pollution patterns under AC and DC excitations are significantly different [2-2]. 
2.4.2. Categories of pollution severity levels 
The site pollution severity (SPS) is defined as the maximum values of ESDD and 
NSDD measured according to the methods detailed in [2-115]. The 
measurements are recorded over a minimum of one year to take into account any 
climate changes. The SPS is classified into five types as follows [2-115]:   
a. very light 
b. light 
c. medium 
d. heavy 
e. very heavy 
According to [2-115], values of both ESDD and NSDD below 0.01 mg/cm2 are 
considered very light, while values of ESDD above 0.1mg/cm2 are considered 
heavy. Figure 2-5 shows the corresponding classes of ESDD and NSDD values 
in terms of the site pollution severity levels for long-rod insulators. 
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Figure 2-5: Relationship between ESDD and NSDD (pollution type A) and the site 
pollution severity levels [2-115]. 
Based on the CIGRE Task Force 33.04.01 and IEC 60815 standards                  
[2-42, 2-115] for insulation selection, the typical pollution can be identified as 
shown in Table 2-1. 
Example Typical environments 
E1 
 
 
greater than 50 km
a
 from any desert, sea or dry land 
greater than 10 km from a major city that causes man-made pollution sources
b
 
Within a shorter distance than the stated above of pollution sources, but:    
 predominant wind is not directly from these pollution 
 regular monthly rain washing 
E2 10-50 km
a
 from the desert, a sea or open dry land  
 5-10 km from man-made pollution sources (major city pollution sources) 
Within a shorter distance than E1 from pollution sources
b
 
E3 3-10 km from the desert, a sea, or dry land and 1-5 km from man-made pollution 
sources. 
E4 Further away from pollution sources than stated in E3, but: 
 Drizzle often occurs after  along dry pollution accumulation season 
(several weeks) 
 Heavy rain with high conductivity happens 
 High NSDD level, between 5-10 times the ESDD 
E5 Within 3 km of the desert, a sea, and dry area 
1 km of man-made pollution sources 
E6 With a greater distance from pollution sources than stated in E5, but: 
 Dense fog often occurs after along dry pollution accumulation season 
 High NSDD level, between 5-10 times the ESDD 
E7 the same distance of pollution sources as identified for the heavy area and: 
 directly exposed to sea-spray or thick saline fog 
 or directly exposed to pollutants with high conductivity, or cement type 
dust with high density, and with regular wetting by fog or drizzle 
 desert regions with fast accumulation of sand and salt, and regular 
condensation 
Table 2-1: Examples of typical environments [2-115] 
ESDD (mg/cm2) 
N
S
D
D
 (
m
g
/c
m
2
) 
a= during the storm, ESDD may reach a higher level, b= the presence of a major city will 
have an influence over a longer distance. 
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2.5. Outdoor insulators for direct voltages  
2.5.1. Basic differences between DC and AC conditions 
The service experience of the insulators under DC excitation is limited compared 
with that of AC insulators. This is because the reliability of test results under DC 
has been restricted by the difficulty and high cost of providing a number of test 
facilities. The insulators that are exposed to DC energization are different from 
the corresponding AC condition in several aspects [2-2]: 
 pollution mechanism and propagation process of discharges 
 surface erosion and metal terminals corrosion process 
 aging process of the dielectric 
The contamination process on the insulator surfaces under DC will have more 
severe effects than on AC even under the same test conditions [2-44]. This is 
because electrically charged airborne particles on DC insulators will deviate to 
the electrodes under the steady electric field. Any discharge activities that occur 
on the insulator surface will produce considerable flows of ions, which 
consequently will attach to the particles and cause more deposition [2-2, 2-44,   
2-45]. In [2-82], the authors state that the deposition of the pollutants on the 
insulator surface under DC is 1.2 to 1.5 times that under AC for the same field 
conditions. 
It seems that the case from which voltage is applied directly (DC) must be most 
promising for flashover. The absence of current zeros and polarity reversals 
under DC exacerbates the progress of primary discharge activities to complete 
flashovers [2-46, 2-47]. Since the distributed voltage along the insulator surface 
depends only on the resistance when DC is applied, more extensive variations 
have to be expected than under AC. However, it is very difficult for flashovers to 
occur under alternating voltage with the presence of voltage zeros, polarity 
reversals and stress variations, as the propagation process is fairly slow, and 
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many cycles have to be achieved from the inception to the completion of             
a flashover event [2-2]. 
So far, the operating experience with DC excitation systems has made clear that 
the degradation of the insulation surface is expected to be more severe than   
with AC [2-2, 2-13, 2-48]. This is attributed to the nature of surface discharges, 
which are likely to be steadier under DC. Glass and polymeric insulators suffer 
seriously from the direct effects of discharges and from the electrochemical 
elements that accumulate close to the electrodes. The electrolysis of salt, for 
instance, can generate Sodium hydroxide (NaOH), which rapidly damages many 
polymers and glass materials [2-2]. Decreased electrical strength under 
contaminated conditions, the corrosion of metal terminals, surface erosion, and 
the degradation of the dielectric materials used for outdoor insulation from both 
laboratory and field studies have been reported in [2-49]. In addition, several 
studies have extensively investigated the performance of the materials usually 
used in DC insulators [2-36, 2-50, 2-51, 2-52]. According to reports [2-53, 2-83] 
from laboratory and field experiences, the expected lifetime of polymeric 
insulators used in DC networks is relatively shorter than for AC insulators [2-83]. 
The corrosion process of the end fitting materials has been a subject of many 
research programmes [2-54]. Damage to the metal hardware due to electrolytic 
corrosion is usually observed on DC lines. Corrosion is caused by the flow of the 
leakage current on the insulator surface [2-55, 2-56, 2-57]. Swelling of the pin 
metal due to corrosion and growth in the cement itself have also been detected. 
The effect of polarity on the stress of DC has also been noted; breaking of the 
head of cap-and-pin insulators under positive polarity has been noticed in very 
severely polluted conditions [2-2]. However, by using the technology of a zinc 
sleeve pin, insulators have exhibited good performance on DC systems under 
various polluted conditions.  
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Changes in the behaviour of ceramic insulators under DC excitation have been 
widely investigated [2-2, 2-58]. As both porcelain and glass materials have 
moving ions, migration will occur under a steady-state situation (DC). 
Phenomena such as the discharge of ions close to electrodes have chemical and 
physical effects, and trees will form in ceramic materials. The most concern issue 
is what the rates of such defects will be at temperatures from which the insulator 
normally operates. The following sections will consider the flashover liability and 
the deterioration level of the insulators used on DC systems in contrast with those 
for AC systems [2-2]. 
2.5.2. Flashover vulnerabilities on DC and AC systems 
As specified in section 2.5.1, it should be noted that the characteristics of AC and 
DC arc propagation are clearly different. Thus, the DC flashover process of 
polluted insulators differs from the AC process. When the flashover voltages are 
compared by AC and DC excitations using a specific type of insulator and 
pollution severity level, the factor F= Vac / Vdc = (peak AC flashover voltage) / 
(peak DC flashover voltage) is found to differ with the insulator shape [2-2]. Salt 
fog tests in [2-8] show the values of F to vary from between 1.2 to 1.7. A report in 
Japan [2-59] confirmed that F changes with the shape of the insulator, and the 
severity level reaches above 2 at highly contaminated areas. It also showed the 
influence of the polarity, with negative stress exhibition 10%-20% reduction than 
the positive. 
For artificial pollution tests, a huge difference in local deposit density was 
obtained; values of DC can be ten times higher than the average in AC 
applications [2-2]. Studies of the influence of shape have proposed that the 
distance between the tips of the skirts for DC insulators should be increased       
to mitigate bridging due to frequent arcs. Pargamin, Huc and Tartier in CIGRE 
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illustrated that the significant differences in the behaviour are affected not only by 
the shape but also by the material of the insulator [2-2]. 
Polymeric insulators normally offer better performance than ceramic ones. 
Pargamin’s results under a salt fog test can be correlated to other work in [2-60] 
for anti-fog shapes that showed good performance: F values of between 2 and 
2.8 were obtained at a severity level of 28 kg/m3 [2-2]. An investigation was done 
by Verma [2-2] to study the flashover liability and insulator diameter effects on 
DC stress for long-rod and disc-type insulators. It was found that the values of    
F in highly severe conditions varied from between 1.7 and 2.5 for the anti-fog 
type while they varied from 1.4 to 2.1 for long rod and standard discs. The 
reduction in flashover voltage due to the increase in the core diameter was 
relatively high [2-2]. General summaries on the vulnerability to flashover events 
under DC can be given as follows [2-2]: 
 All insulator categories are much more susceptible to flashover under DC 
application than under AC. In the case of overhead lines, long-rod 
insulators have to be provided at severely polluted conditions. 
 Up to 300 kV, the linearity is confirmed under DC stress, but for higher 
voltages, the behaviour might be changed with an increased possibility of 
flashover. 
 Using polymeric insulators or coating may offer some improvement; 
however, the effects of aging are likely to be more harmful. 
 Some shapes for DC may allow an acceptable increase in a flashover 
voltage, especially for overhead line insulators. However, in the case of 
substation insulators, the shape is seen as an unattractive option due to 
the effect of large diameters. 
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2.5.3. Deterioration features on DC systems 
Extensive information is available on the degradation rate and the fracture of 
overhead line insulators. A study by Peixoto, Pargmin, Marrone and Carrara       
in CIGRE presents some analyses and statistics about the physics of 
deterioration under DC excitation, and these can be summarised as follows [2-2]: 
 The annual failure rates for glass insulators in Africa, Scandinavia, and 
Italy are relatively ten times higher under DC energisation than for AC 
lines. 
 Different causes of damage under DC have been identified, including 
severe erosion close to the electrodes and fracture due to the swelling 
process and ionic migration. However, only the first is known to cause 
damage under AC. 
 Handling includes a reduction in the ionic migration by increasing the 
volume resistivity of the dielectric and elimination of voids from glass 
could be useful while a large increase of volume resistivity can cause      
a major change in the composition of the glass since it would interface 
with the toughening process. 
 Glass insulators, even with their liability to suffer from severe erosion, will 
still sustain last longer on DC than on porcelain, in which the stress is 
less but the mechanical crack is much greater. 
 Long-rod insulators would be more useful on DC systems since they are 
subject to only slight degradation from ionic migration and have no 
hidden metal parts that may be corroded. 
 Some long-rod polymeric insulators have provided very good results on 
DC networks; thus, these might be useful on DC applications especially 
when the pollutant effects, such as salt, can be overcome. 
 31 
 
2.6. Aging and degradation of polymeric insulators 
The use of polymeric insulators in high voltage transmission networks differs 
between countries. They have being to be a highly developed alternative to 
traditional insulators in all voltage transmission levels for AC and DC applications. 
However, they still have concerns about their long-term aging behaviour which, 
unlike that of ceramic insulators, is not well understood [2-61, 2-62]. 
Aging is a very important issue; it refers to the degradation of an insulator by 
different environmental factors and electrical stresses, as shown in Figure 2-6. 
Weathering (temperature, moisture, UV sunlight, and humidity), mechanical 
stresses, and discharge activities in the form of surface arcing or corona activity 
are the most important factors leading to aging. These factors also have             
an interactive effect that can accelerate the degradation [2-63]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6: An overview of various factors effects on the aging of polymeric 
insulators [2-63]. 
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Unlike porcelain and glass, a polymeric insulator is an organic material, and there 
can be changes to its electrical and mechanical strength with time under severe 
stress. Of the two properties of a polymeric insulator, electrical and mechanical, it 
has been proved that the fibreglass core will not be damaged, and there will be 
no reduction in the mechanical strength if the applied stress is lower than the 
degradation limit [2-64]. Therefore, the mechanical aspects will not be a main 
concern. Instead, the main issue of concern is the long-term electrical 
performance, which is mainly related to the insulator housing and design.  
Aging of the housing material can decrease the ability of the insulator to provide 
the services voltage, thus leading to flashovers, and it can cause degradation of 
the housing by tracking and/or erosion. So these two aspects, namely, flashover 
and degradation, are the main influence on the overall electrical performance. 
However, these two aspects are not necessarily dependent on each other. 
Service experience in [2-65] has indicated that polymeric insulator flashovers can 
occur without any substantial degradation (tracking or/and erosion), and in some 
situations, surface erosion has occurred without leading to a flashover.      
2.6.1. Polymeric insulators failure modes 
In the early stages of polymeric insulators being used as electrical insulation, they 
were believed to have an excellent resistance to degradation caused by the 
conditions found in service. Polyethylene, for instance, was widely used in 
underground cables, as it was considered safe with regard to degradation under 
service conditions [2-66]. However, recent research has shown that all polymeric 
insulators are susceptible to damage under the multiple factors applied and/or 
induced in service, which ultimately leads to failure. The most common factors 
that affect the polymeric insulators include discharges, humidity, and other 
environmental and electrical stresses. In [2-67], the authors have reviewed the 
main aging factors leading to the failure of polymeric insulators. Figure 2-7 shows 
 33 
 
the most significant failure/degradation modes that occur in polymeric           
insulators [2-68, 2-69, 2-70]:   
 Tracking/carbonizing: irreversible degradation mode caused by the 
formation of conductive paths initiating and developing on the insulation 
surface even in dry condition [3-1]. See Figure 2-7(a). 
 Erosion: irreversible and non-conducting degradation of the insulator 
surface that occurs due to the major loss of materials; it can substantially 
reduce the thickness of the polymeric sheath. See Figure 2-7(b). 
 Chalking: appearance of a rough and whitish powdery surface due to the 
exposure of filler materials from the insulator housing and caused by UV 
radiation and electrical activity [2-72]. See Figure 2-7(c). 
 Cutting/splitting: cracks or breaks in the insulator housing (sheath or/and 
shed), which may consequently lead to the removal of materials and so 
significantly reduce the creepage distance. See Figure 2-7(d). 
 Crazing: shallow cracks (micro-fractures) on the surface of the insulator, 
with a depth of less than 0.1 mm. See Figure 2-7(e). 
 Colour changes: changes in the colour of the housing materials of the 
polymeric insulators due to environmental and chemical influences [2-73]. 
See Figure 2-7(f). 
 Puncture: hole in the insulator sheds or/and shank/sheath. See        
Figure 2-7(g). 
 Brittle fracture: this leads to mechanical degradation of the fibreglass core 
rod and is characterised by some smooth fracture surfaces. This failure 
mode is attributed to an attack by nitric acid generated by corona 
discharge activity in a moist environment [2-94]. The exact source of the 
acid has been a topic of much debate. However, it is now thought [2-94] 
that the brittle fracture may be due to a combination of factors and is not 
always described by a single mechanism. See Figure 2-7(h). 
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Figure 2-7: Most common failure modes of polymeric insulators [2-68, 2-69, 2-70]. 
(a) Tracking 
(b) Erosion 
 
(c) Chalking (d) Splitting/Cutting 
(e) Grazing (f) Changes of colours 
(g) Puncture (h) Brittle fracture 
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2.6.2. Loss and recovery of hydrophobicity  
Hydrophobicity is defined as the ability of polymeric materials to repel water on 
their surfaces, forming discrete droplets rather than a continuous film [2-71]. 
Polymeric insulators are considered to have good hydrophobic properties and so 
have an excellent pollution flashover performance compared to that of traditional 
hydrophilic insulators made from porcelain and glass.  
On the ceramic high voltage insulators, water readily forms a continuous film on 
the hydrophilic surface. In the presence of contamination, a leakage current 
develops, which may ultimately lead to a flashover of the insulator. The 
hydrophobic surface properties of polymeric insulators prevent the formation of   
a continuous film, and so the water remains as individual droplets, which may 
simply drop away from the surface [2-72, 2-73]. 
However, this hydrophobicity might be lost temporarily as a result of aging. 
Electrical discharge activity causes oxidation of the polymeric insulator, and the 
surface becomes gradually more hydrophilic. The surface will recover its 
hydrophobicity after sufficient recovery time has passed without any excessive 
electrical discharge activities [2-74].  
Two prevalent polymeric materials used for outdoor insulation are EPDM and 
SiR. While both EPDM and SiR in service offer an excellent pollution 
performance due to their hydrophobic properties under aging stress, SiR has 
been preferred for use in composite insulators in harsh ambient conditions         
[2-7, 2-75]. This is because its hydrophobicity is preserved for a long time. In 
addition, it demonstrates a higher hydrophobicity recovery rate than EPDM       
[2-76]. The investigation in [2-33] showed that the SiR insulator preserved its 
hydrophobicity for more than seven years in outdoor tests and could be 
energised to +300 kVDC while EPDM became totally hydrophilic. It was reported 
[2-20] that, after a long-term aging test with HVAC and HVDC, SiR retained         
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a good performance while EPDM insulators failed. These superior characteristics 
of SiR have also led to the development of RTV silicone rubber coating               
to improve the performance of porcelain insulators [2-77, 2-78].  
The hydrophobicity of SiR is associated with the low molecular weight (LMW) of 
the silicone chains as described in section 2.3.1. When electrical discharge 
activities occur on the polymeric surface, these chains may be broken resulting in 
a loss of hydrophobicity, but new bonds of LMW diffuse to the surface [2-79].  
The way the LMW is transferred to the pollutant remaining on the surface of       
an SiR insulator is not entirely understood, but options related to diffusion and 
evaporation have been studied in [2-80]. In some conditions, the pollutant has     
a significant non-soluble component, which may cover the SiR surface and so 
disturb the process of hydrophobicity recovery [2-80, 2-81]. 
2.6.3. Polarity effect on the aging of Silicone rubber insulators 
HVDC is often a good option for long distance power transmission lines,              
in preference to high HVAC. The pollution performance of high voltage insulators 
is a significant issue in the insulation coordination of power networks, especially 
of HVDC systems. In the case of HVAC systems, lightning and switching 
performances are usually the determining factors for deciding the insulator 
dimensions, while pollution performance is often the determining element in the 
case of HVDC [2-83]. 
Although HVDC has brought many benefits to long distance transmission 
systems, the line insulators used in a DC network face many challenges.            
As discussed in section 2.5.1, the static field under DC is constant and 
unidirectional. This attracts many adjacent airborne pollutants onto the insulator 
surface, which will results in an inferior voltage withstand performance. The 
results obtained in [2-83] showed useful information about the performance of 
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SiR insulators energised by positive DC and negative DC voltages. The polarity 
effect was confirmed regarding pollution performance and insulator aging [2-84]. 
Vas et al. [2-82] showed that the eroded mass for the SiR samples under positive 
DC energisation is more severe than for those under negative DC. Studies by 
Bruce et al. [2-84] also performed inclined plane (IP) tests on SiR materials using 
DC and confirmed that the positive DC tests have the highest peak leakage 
current and show a significant degree of surface degradation. Moreno and Gorur 
[2-13] studied the performance of polymeric housing materials under AC and DC 
tests, and they identified that the positive polarity DC is usually considered to be 
more severe than the negative. In addition, Gustavson et al. [2-85] tested 
cylindrical SiR samples in a coastal environment under AC and DC voltage; the 
DC stressed samples exhibited a higher leakage current and more severe 
surface degradation compared with those exposed to the AC voltage. Similarly, 
an investigation conducted by Elombo et al. [2-83] at Koeberg pollution test 
station in South Africa showed that the leakage currents for SiR insulators under 
positive polarity were greater than those obtained under the negative DC. In 
addition, more erosion was observed on the SiR that was energised by positive 
DC. Studies by Meyer et al. [4-9] reported a correlation between the surface 
temperature of SiR samples and the eroded mass, and the leakage current 
values obtained under positive DC were higher compared to negative DC.         
An increased leakage current may lead to surface heating and, therefore,          
an increased temperature for the surface profile. 
Scanning Electron Microscopy (SEM) analysis conducted on the eroded area     
of the SiR samples after seven hours of IP tests revealed that the samples under 
positive DC were extensively degraded, and many cracks were found on their 
surfaces. This demonstrates that a higher temperature prevails under        
positive DC [2-82]. 
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Energy dispersive X-ray (EDX) studies on samples tested under positive DC 
have shown a migration of conductive ions from both the pollutant and the 
electrodes. This may have resulted in an increase in the surface conduction, and, 
therefore, a higher leakage current in the case of positive DC. In contrast to the 
observations under positive DC, no ion migration was observed for the samples 
under negative DC [2-82]. This migration of ions under positive DC excitation 
may be due to electrolysis, as suggested by Bruce et al. [2-84]; they 
demonstrated that there is a definite relationship between the electrode erosion 
and the cumulative charge under positive DC. The presence of ions in the event 
of positive DC can be clarified as follows. The normal condition for electrolysis 
process is that both electrodes should exist in an ionic solution. This condition is 
satisfied to a certain degree in this case since there is a certain              
electrode-pollutant interface close to the HV electrode. However, near the ground 
electrode, this interface is sporadic. Significant heating due to the dry band arcing 
may lead to evaporation of the contaminant near the ground electrode. The 
direction of ion flow and pollutant flow for both DC voltage polarities is shown in 
Figure 2-8. 
 
Figure 2-8: Model of the IP test setup illustrating the flow direction of for the 
contaminant and the ion under (a) positive DC and (b) negative DC voltages [2-82]. 
Under positive DC, as the interface often occurs close to the HV electrode, the 
ions flow into the solution, thus, generating an ionic current. However,                  
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as they reach the ground electrode, the pollutant dries up due to the heating 
caused by dry band arcing. The ions are deposited close to the eroded surface, 
and the current path is finished by the arcing current. 
Under negative DC, the ion has to be released from the ground electrode, but 
because of the strong arcing, this region is entirely dry. Since there is no 
interfacing between the electrode and the pollutant, the ion is unable to flow into 
the solution. Therefore, the electrolysis process will not occur under negative DC.  
Figure 2-9b illustrates the erosion of the HV electrode surface under positive DC, 
which is correlated to the gradual removal of the electrode surface into the 
solution due to the electrolysis process, while Figure 2-9c shows that under 
negative DC, the erosion is caused more by oxidation than by electrolysis. It 
seems that the probability of electrolysis under negative DC excitation is very 
limited. In addition, as there is no migration of ions under this case, the leakage 
current is much less, and so a better tracking and erosion resistance is observed 
in the samples under negative DC [2-82]. However, the ground electrode was 
seen to be eroded under negative DC. This could be due to the oxidation of the 
electrode as a consequence of the intense arcing that occurs close to the pit. 
 
Figure 2-9: Captures of the electrodes (a) before the IP test, (b) after seven hours of 
IP test under positive DC, (c) after seven hours of IP test under negative DC [2-82]. 
(b) Positive DC (c) Negative DC (a) Before the test 
HV  
Ground Ground Ground 
+ HV  - HV  
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2.7. Flashover mechanism of silicone rubber insulators  
A flashover is defined as a disruptive discharge that occurs over the surface of    
a solid insulator as a result of water drop accumulation and/or due to 
overvoltage.The pollution flashover mechanism and the dry band formation of 
hydrophilic (porcelain and glass) insulators have been studied and are well 
understood [2-86, 2-87]. However, the nature of the hydrophobic surface of SiR 
insulators suggests that a different flashover mechanism occurs. The pollution 
flashover is a multi-step process for  an SiR insulator. The main steps in the most 
common flashover phenomenon are explained as follows [2-88, 2-89, 2-90, 2-91]:   
1) Contamination builds up: The wind transfers dust or other industrial 
pollutants onto the surface of the insulator. Fog and dew also wet the 
pollution deposition. The interaction between pollutants and water creates 
a solid surface layer, and the insulator is usually covered by a uniform 
pollution layer. 
2) Diffusion of LMW chains: Diffusion is the natural behaviour of SiR 
insulators and may cause the LMW polymeric chains to migrate out of the 
weather shed material. The LMW chains produce a thin layer above the 
pollution layer, which ensures that the surface recovers hydrophobicity 
after an arc-free period.  
3) Wetting of the surface: Early morning fog, dew, high humidity, or light rain 
creates water droplets on the hydrophobic surface of the polymeric 
insulator, as shown in Figure 2-10a. Salt from the pollutant dissolves in 
the water droplets, which become conductive. The remaining dry surface 
pollution is gradually wetted by the migration of the droplets. This 
produces a high resistive layer around each droplet, as illustrated            
in Figure 2-10b. 
4) Ohmic heating: The small leakage current passes through a highly 
resistive layer of the insulator surface. As the electrolyte has a negative 
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thermal coefficient, the surface resistance will decrease gradually, and the 
leakage current will increase due to heating. At the same time, drying and 
loss of moisture increases the surface resistance. The two contrasting 
phenomena attain equilibrium at a lower level value of leakage current.  
5) Electric field effect on water droplets: The development of the wetting 
process increases the water droplets’ density and reduces the distance 
between them. The applied electric field results in a force, which flattens 
and lengthens the droplets. If the distance between the drops is small, the 
adjacent droplets gather together, and filaments are created, as shown    
in Figure 2-10c. 
6) Spot discharges: Filaments minimize the distance between the 
electrodes, which may lead to an increase in the electric field among the 
neighbouring filaments. This field strength generates spot discharges 
between the filaments, as illustrated in Figure 2-10d. 
7) Loss of hydrophobicity: Spot discharges age the polymeric layer around 
the droplets and reduce the hydrophobicity. This reduction of 
hydrophobicity joins the filaments together and increases the field 
strength. The high electric field around the electrodes causes corona 
discharges on the surface. These discharge activities destroy the 
hydrophobicity, which eventually leads to irregular shape formations in the 
wet region (Figure 2-10e). 
8) Dry band formation: The region of the surface with the highest power 
dissipation remains dry. Since the dry band is an insulating region, the 
surface discharges will continue in the dry band area until the band 
develops to an adequate length to withstand the applied voltage. The 
consequent discharge activities cause surface erosion. 
9) Flashover: Increasing the length of the filaments and formation of the wet 
regions ultimately leads to short the insulator by a conductive path. This 
electrolyte water surface provides the track of the arc, which propagates 
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along the surface of the conductive layer and causes flashover,              
as demonstrated in Figure 2-10f.  
 
Figure 2-10: Flashover development on SiR insulators [2-88]. 
2.8. Monitoring and assessments 
The aim of monitoring and diagnostics techniques is, in general, to provide useful 
information about the state of the insulator in the service. This means that the 
monitoring can help to make decisions about if and when replacement or 
maintenance of the insulator should be done. It is mainly correlated to reducing 
the risk of damage and minimizing the cost [2-27]. At present, most inspection 
methods used by the utilities are visual inspections that evaluate the 
hydrophobicity and measure the leakage current. 
2.8.1. Visual inspections 
This is the most common method used by utilities to identify defective polymeric 
insulators in service [2-29]. Visual inspections were found to be suitable for 
detecting visible faults on housing material, such as tracking, erosion, splitting, 
puncture, or any other obvious damage. 
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Imaging techniques, such as infrared thermography, UV, and light amplification 
equipment, were able to detect the presence of discharge activities on the 
insulator surface. IR imaging equipment was found useful for providing 
indications of internal faults, like tracking, that may potentially lead to failure        
of the insulator [2-27]. 
2.8.2. Hydrophobicity evaluation 
Traditionally, the state of hydrophobicity on insulating surfaces is established 
through measuring the contact angle (𝜃). This angle is measured from where      
a small droplet of water meets the horizontal insulator surface, as shown            
in Figure 2-11. The contact angle is influenced by three factors of interfacial 
tension (𝜆) as described by the Young–Dupre equation [2-7]: 
𝜆𝑖𝑎 =  𝜆𝑖𝑤 + 𝜆𝑤𝑎 . 𝑐𝑜𝑠 𝜃 … … … … …. (2-1) 
where 𝑎, 𝑖 and 𝑤 represent air, insulator and water, respectively. For a clean 
insulator surface, 𝜃 is around 30° for ceramic insulators and is greater than 90° 
for SiR. However, when the surface is covered by a layer of pollution, 𝜃 becomes 
always zero for the ceramic insulator (hydrophilic case), and it will recover          
to a considerable value for the SiR (hydrophobic case). 
 
Figure 2-11: Sessile water drop on the insulator surface [2-7]. 
Since measurement of the contact angle technique is applicable only in the 
laboratory environment and is difficult to perform for the whole insulator surface, 
a simple test method for hydrophobicity classification (HC) has been introduced 
air 
water 
insulator 
𝜃 
 44 
 
by the Swedish Transmission Research Institute (STRI) [2-92], which has now 
has been adopted by the IEC [2-93]. Table 2-2 shows the STRI criteria              
for evaluating HC. 
Table 2-2: Criteria for estimation of the hydrophobicity classification (HC) [2-92]  
HC Description Pictures 
 
1 
Only discrete droplets are formed. This 
corresponds to θr= 80° or greater for the 
majority droplets. 
 
 
 
2 
The majority of the surface area is covered 
by discrete droplets. This corresponds to 
50°< θr > 80° for the majority of droplets. 
 
 
3 
Only discrete droplets are formed. The 
majority of the surface area is covered by 
droplets that are no longer circular. This 
corresponds to 20°< θr > 50°.  
 
4 
Both discrete droplets and wetted traces 
from the water runnels are noticed (θr=0°). 
Entirely wetted area < 2 cm2. Together they 
cover less than 90% of the tested area. 
 
 
5 
Both discrete droplets and wetted traces 
from the water runnels are observed. Some 
entirely wetted area >  2 cm2. Together they 
cover less than 90% of tested area. 
 
 
6 
The wetted area covered is more than 90% 
(i.e. small unwetted areas (spots/ traces) are 
still noticed. 
 
 
7 
Continuous water film is observed over the 
whole tested area. 
 
 
In this test, the hydrophobicity of the insulator surface is identified by comparing 
the surface with one of the standard photographs of the hydrophobicity classes 
(HC), which ranges between HC1 (hydrophobic class) and HC7           
(hydrophilic class). The disadvantage of this technique is that the measurement   
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is based on the operator’s judgment. To deal with this issue, Berg et al. in [2-95] 
proposed a digital image analysis technique for evaluating the hydrophobic 
measurement of the surface. Applications of such a process, where computer 
software can analyse the image, make the examination more objective             
and precise. 
2.8.3. The leakage current measurement 
Aging, which refers to the loss of hydrophobicity, tracking and erosion, leading 
ultimately to a flashover, is still a main concern with polymeric insulators. While 
the leakage current element is a cause of aging, it could be useful as an indicator 
of surface degradation [2-96]. Several efforts have been made to correlate 
leakage current parameters to the pollution level and to the surface damage, 
such as tracking, erosion, dry band arcing, and loss of hydrophobicity, and 
valuable information has been obtained [2-97]. Gorur et al. [2-11] found that both 
the magnitude of the peak current and the number of current pulses have 
presented good indicators of the surface condition and tracking damage of the 
EPDM insulators.  
Bruce et al. [2-84] reported that the indication of material degradation can be 
evaluated by inspecting the nature of the leakage current pattern. This can be 
achieved by assessing the time distribution of the leakage current magnitude 
using the 15 samples per second recorder, which is an active method used        
to observe low-frequency surface behaviour. This data can then be illustrated as     
a measure of intermittency, making it possible to calculate the total duration time 
a sample spends in a non-conducting mode during the test. This gives precise 
information relating to the state of the surface of a conducting filament with         
or without a discharge present. Results from the literature [2-98, 2-99] confirm 
that the parameters of leakage current waveforms (e.g. peak and rms values) 
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provide valuable information that can be used to evaluate the polymeric insulator 
performance under different test conditions. 
2.9. Artificial pollution testing methods of polymeric insulators  
The pollution performance is an important factor for the selection and 
dimensioning of insulators, which increases the need to establish a common 
standard test method for evaluating outdoor insulation [2-100]. To evaluate the 
performance of polluted polymeric insulators, several types of artificial test 
methods are in use; the tracking wheel test, the inclined plane test, the salt fog 
and clean fog tests, and other approaches for evaluating tracking and erosion 
have been developed [2-101, 2-102, 2-103, 3-1, 3-9]. 
The subcommittee of the IEEE working group on lightning and insulator [2-104] 
reported that the most common artificial pollution tests employed are the clean 
fog test, the salt fog method, and the wet contamination test. 
In the clean fog test technique, dry contaminated insulators under voltage stress 
are exposed to a fog generated from tap water. This test method simulates the 
condition in which a contaminant that has accumulated on the insulator surface is 
gradually wetted by natural sources of moisture leading to an increase in the 
possibility of the flashover phenomenon. In the salt fog test method, clean 
insulators are energised and subjected to a fog produced by atomising water    
[2-100]. This technique is mainly applicable to coastal environments, where 
insulators are subjected to direct salt spray. For the wet contamination method, 
which is not adopted as a standard test, insulators with a wet conducting coating 
are exposed to a voltage. This approach emulates the   re-energisation of a line 
on which contaminated insulators have been subjected to a wetting agent, such 
as high humidity or rain [2-105]. 
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2.9.1. Flashover tests methods 
An increase in the number of problems associated with flashover incidents has 
encouraged many studies to obtain a better understanding of the phenomena 
leading to flashover, which causes a loss in the electrical performance of the 
insulators under different environments [2-106]. These studies normally include 
experimental investigations field observations and mathematical models. They 
have been established for the purpose of finding a way to avoid the problem of 
flashover [2-107, 2-108, 2-109, 2-110, 2-11, 2-112]. 
In one such study, Karady et al. [2-88, 2-89, 2-90] showed the results of            
an experimental study that aimed to provide a clear understanding of the 
flashover mechanism and explain the flashover phenomenon on the SiR surface. 
The results were found useful to improve the laboratory test procedures and       
to assess polymeric insulator performance under contaminated conditions.  
Similarly, the authors in [2-113] presented a method for computing the electric 
field on an insulating surface in the presence of discrete water droplets. This 
technique was valuable for analysing the performance of outdoor insulation since 
the shape of the water droplet affects the magnitude of the electric field and, 
therefore, enhances the field as a force leading to moisture entry into the 
insulator surface.   
Furthermore, in [2-114], the authors developed a dynamic arc model to analyse 
and predict the pre-flashover leakage current of polymeric insulators under wet 
polluted conditions. The model showed satisfactory results and the pre-flashover 
leakage current was easily predicted. This model might be helpful for simulating 
polymeric insulators designed for ultra high voltages outdoor applications. 
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2.10. Performance of silicone rubber insulators under AC and DC 
energisation 
Extensive investigation studies were conducted at Koeberg Pollution Test 
Station, in Cape Town using natural pollution conditions with the aim to compare 
the aging performance of silicone rubber insulators under AC and DC (both 
polarities) energisation [2-83]. The AC test voltage was selected as 13.5 kV RMS. 
For both polarities DC, the voltage level was also chosen equal to the AC RMS 
value, based on the assumption that the aging performance of the insulator 
depends on the power dissipated over the insulator surface during electric 
discharge activities [2-83]. The comparison was performed with five insulators 
have different creepage distances and of the same manufacture as shown in the 
Table 2-3. The insulator dimensions complied in accordance with the IEC 
requirements. The insulators were energised by each voltage type, whereas 
being exposed to the environment for 310 days. The results data of 150 days 
were analysed with some reference to results of the entire test period [2-83]. 
Insulator Creepage  
distance (mm) 
Unified Specific 
Creepage Distance 
(USCD) 
(mm/kV) 
Form 
Factor 
SiR 87 
SiR 75 
SiR 58 
SiR 46 
SiR 29 
GL 42 
1180 
1010 
780 
615 
395 
560 
 
87 
75 
58 
46 
29 
42 
 
9.8 
8.7 
6.4 
5.5 
3.3 
1.1 
 
It was shown from the recorded data that the high leakage current level was 
measured in the summer due to the severe pollution level and high humidity. In 
contrast, during the winter, a lower level of leakage current was recorded, 
confirming the washing effect of the rain [2-83]. The leakage current data was 
Table 2-3: Silicone rubber test insulators [2-83]  
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recorded at the sampling rate of 2 kHz, i.e 40 samples per 50 Hz cycle. The data 
was then post-processed and saved every 10 minutes. As can be seen in Figures 
2-12, 2-13, 2-14, the highest leakage current of each test insulator was analysed 
and  stored into bin classes at the termination of the test period.  
 
Figure 2-12: AC leakage current bin count data for tested insulators during a period 
of 150 days [2-83]. 
 
Figure 2-13: Positive DC leakage current bin count data for tested insulators during 
a period of 150 days [2-83]. 
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Figure 2-14: Negative DC leakage current bin count data for tested insulators 
during a period of 150 days (Note that data for the insulator SiR 75 are not 
presented) [2-83]. 
It is clear from the Figure 2-12, for the AC, the counts of the bin classes are less 
for the insulators with higher creepage distances. Only the exception occurs in 
the class of  the 5-20 mA where insulator SiR 29 has a lower level count than the 
longer insulators. Arcs and discharge activities, driven by currents in mA range 
tend to be more damaging from an aging perspective than that associated with 
higher currents [2-83]. 
For the positive DC case, a similar tendency for the insulator SiR 29 has been 
noticed in the range of 5-20 mA. Figure 2-13, shows that the SiR 29  has a lower 
leakage current value than both SiR 46 and SiR 58 insulators. In the case of 
negative DC, SiR 29 has also lower leakage current counts in the 5-20 mA 
class,compared to the insulator SiR 46 (Figure 2-14). 
Figures 2-15 and 2-16 show the peak of leakage currents for insulators SiR 29 
and SiR 87, computed per 10 minutes interval for a complete day [2-83]. The 
values on the Figures  were recorded by calculating the average of the peak 
leakage current for each instant. The highest leakage currents observe at 6 AM. 
The positive DC leakage current was the highest during the early morning time.  
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Figure 2-15: Time of day average of 10 minutes peak leakage currents for insulator 
SiR 29 for test period of 150 days [2-83]. 
 
Figure 2-16: Time of day average of 10 minutes peak leakage currents for insulator 
SiR 87 for test period of 150 days [2-83]. 
For the both silicone rubber insulators (SiR 29 and SiR 87), the positive leakage 
current exceeds the negative DC current. This result is also confirmed by the 
finding results obtained in the Figures 2-13 and 2-14 and also by the peak 
waveforms of the leakage current during a pollution event as shown in           
Figure 2-17.  For silicone rubber insulator SiR 87, in comparison to the shorter 
SiR 29 insulator, the AC peak leakage current exceeds the positive DC current 
[2-83]. 
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Figure 2-17: Peak current waveforms for SiR 87 insulator during a pollution event 
[2-83]. 
An interesting result found is that on the SiR insulators, the leakage current of the 
positive polarity  DC was higher than that of the negative polarity DC [2.83].  This 
result is also confirmed in [2-119] by using the rotating wheel  dip tests. The test 
was conducted on the SiR sample has a unified specefic creepage length of     
28 mm/kV. The test was approximately 7 weeks and the SiR sample was 
evalauted at the end of the test. The current traces recorded under AC, positive 
DC and negative DC voltages are shown in Figures 2-18 and 2-19. The highest 
leakage current value measured was 150 mA for the positive DC. Whlie for the 
negative DC and AC cases, the maximum leakage current value was only       
110 mA and 60 mA respectively [2-119]. 
 
 
Figure 2-18: Maximum leakage current of the SiR insulator under AC [2-119]. 
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Figure 2-19: Maximum leakage current for SiR insulator under DC both polarities 
[2-119]. 
For electrical discharge observations, both corona and dry band discharge 
activites mainly occurred on the sheahts interfacing with both the high voltage 
and ground electrodes for all the SiR insulators [2-83]. These observations are 
particulary interseting in correlated with the finding erosion detected on the tested 
insulators as shown in Figures 2-18. The measurement of the hydrophobicity 
illustrated the upper surface of the sheds of the SiR insulators more hydrophobic 
than the bottom [2-83]. The rods of the longer insulators were also more 
hydrophobic than those of the shorter insulators. Hydrophobicity recovery was 
also faster for DC insulator surfaces than on the AC [2-83]. 
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Figure 2-20: Erosion on the insulator SiR 87 [2-83]. 
As expected, significant erosion was observed on the rods near to the metal end 
fittings, though some cases were also noticed in the central parts of the longer 
insulators. For all insulators with all voltage types, the lowest erosion was 
observed on the SiR 29 insulator. This unexpected result might be related to the 
stationary nature of discharges, connected with the small leakage current range. 
This suggestion is supported by the fact that leakage current on SiR 29 in the 
range of 5-20 mA are less frequent than on others insulators. In general, SiR 
insulators were severely eroded when energised by positive DC voltage [2-83]. 
This severity of DC testing compared with the AC was also confirmed in [2-119]. 
The amount of erosion on the SiR insulator under positive DC was being the 
worst over all voltage classes (Figure 2-21). 
 
 
Figure 2-21: Visual appearance of the SiR insulator at the end of the test [2-119]. 
(a) Erosion AC (Week 22) 
(b) Erosion -DC (Week 16) (c) Erosion +DC (Week 18) 
(a) Shed puncture  
after 920 h 
(b) Fails after 700 h (c) Brown deposition and 
erosion after 910 h 
AC + DC - DC 
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2.11. Summary 
The available literature review has shown that the electrical performance of SiR 
polymeric insulators is correlated to their surface properties. Insulators with 
hydrophobic surfaces have exhibited a superior performance for maintaining       
a lower leakage current and high resistance to flashover in polluted-wet 
conditions than insulators with hydrophilic surfaces. 
The surface situation of polymeric insulators that are operated in severe 
environment conditions has been found to worsen with age. Aging has been 
found to reduce the overall electrical performance of polluted SiR insulators and 
cause an increased incidence of discharge activities and dry band arcing on the 
surface. This increase can degrade the housing material by tracking and/or 
erosion, which in severe cases, leads to damage to the insulator. So, the 
correlation between insulator surface condition and electrical performance is 
observed, in which the direct investigation of the state of the insulator surface is  
a useful technique in predicting insulator aging. 
For AC and DC polymeric insulators, the literature has provided useful 
information about the perofrmnace of SiR insulators energised by AC, postive DC 
and negative DC voltages. The polairty effect has been confirmed relating to the 
pollution performance and the aging of SiR insulators. The severity of DC testing 
compared with AC has also been noticed. 
The textured insulator is proposed by Cardiff University as a novel design for 
polymeric insulators, which aims to improve the flashover performance of SiR 
insulators by reducing the surface damage caused by discharge activities and dry 
band arcing. The present research describes the experimental investigations of 
textured insulators using standard and non-standard test methods and novel 
techniques to evaluate the expected improvement that may be achieved by using 
the textured designs. 
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EXPERIMENTAL FACILITIES, SAMPLES AND TEST CHAPTER 3: 
ARRANGEMENTS 
3.1. Introduction 
An understanding of the behaviour of silicone rubber (SiR) insulators using AC 
and DC excitations under different environment conditions is required for utilities 
and experimental facilities to implement outdoor insulators for high voltage 
applications. 
This chapter presents the laboratory facilities, test arrangements, and 
experimental procedures developed for the following purposes:  
 to fabricate the insulation samples with different shape profiles, 
 to implement the mandatory test conditions,  
 to carry out the experiments as they are designed,  
 to measure the relevant electrical parameters, as these may be used as 
indicators of the aging performance of the polymeric insulators. 
Leakage current and cumulative dissipated energy were observed and used      
to characterise each insulator. Visual and infrared cameras were also used        
to assess the discharge activity and temperature distribution along the insulator 
profile. A surface conductance meter was used to evaluate the variation              
in surface layer conductance on each insulator’s surface. Equivalent salt deposit 
density (ESDD) and non-soluble deposit density (NSDD) parameters were also 
measured to determine the pollution severity levels. 
For flashover performance tests, the magnitude of the flashover voltage (FOV) 
was used to evaluate the condition of the insulator. For all tested samples, 
silicone rubber materials were selected to make both rectangular samples and 
four-shed insulators.  
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3.2. Experimental test summary 
Many experimental studies and investigations have been conducted                    
in laboratories to examine the aging performance of SiR insulators as used         
in high voltage outdoor applications. These tests have been carried out under 
different environmental conditions to determine the electrical properties and the 
degradation level of the insulator surfaces. In this study, various types                 
of four-shed SiR insulators (conventional and textured) were fabricated and 
subjected to the Rotating Wheel Dip Tests (RWDT) according to IEC 62730:2012 
[3-1]. Surface conductance evaluation tests were also performed on the         
four-shed SiR insulators. The ESDD and NSDD tests were evaluated based on 
the standard described in IEC 60815 [3-2]. Tests were carried out using a high 
voltage fog chamber facility to investigate the performance of 11kV                  
SiR insulators. 
3.3. Textured design 
With the aim of improving the pollution performance of polymeric insulators,        
a novel approach to controlling dry-band formation using a textured pattern 
design was investigated in [2-24, 2-25]. The geometrical pattern of textured 
insulators can achieve two valuable objectives; firstly, a substantial increase in 
the surface area can reduce the leakage current density in the susceptible shank 
region, and secondly, the textured surface increases the longitudinal creepage 
distance, which can, therefore, decrease the field stress, in particular areas of   
the insulator [2-23, 3-3, 3-4]. The textured samples comprised an array                
of hemispherical protuberances moulded with a square intersection of 4 mm          
or 6 mm in diameter, as illustrated in Figure 3-1. 
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Figure 3-1: Hemispherical protuberances: square-intersection pattern [2-25]. 
The textured profile generally presents a significant improvement in the FOV 
compared with conventional SiR insulators under the clean-fog test conditions.     
It also shows a considerable reduction in the leakage current and surface 
degradation under RWDT. 
For outdoor insulation under severe environmental conditions, a uniform pollution 
layer with volume conductivity σ (S/m) and thickness t (m) are assumed to coat 
both surface designs of textured and non-textured insulators. The layer 
conductance for both surfaces is specified by: 
K = t . σ     (S) … … … … … . . … . (3­1) 
This layer can result in a significant conduction current (I) with non-uniform 
current density (J). The leakage current density inside the pollution layer             
at position (L) is given by: 
Jlayer =
I
L. t
      (A/m2) … … … … (3­2)   
By assuming the thickness of layer (t) to be constant, the surface leakage current 
density can be expressed as: 
𝐽 =  Jlayer . t  (A/m) … … … … . (3­3) 
  
  
a 
b
 
 a 
c
 
 a 
  
a = Radius of a protuberance 
b = Radius of the base circle 
c = Height of the base circle 
 
(a) Top view of an array contiguous 
textured square pattern 
(b) Side view of part-spherical 
protuberances 
  
  
  
  
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The contour of the circular surfaces along the insulator profile is varied because 
of the radius (r) and, therefore, the non-uniformity of electric field strength (E). 
The surface regions of the greatest J and E can cause a considerable heating      
of the pollution layer, which may ultimately lead to dry band formation on the 
insulator surface. The power dissipation P  (W/m2) per unit area of the surface 
layer heating is given by: 
P = EJ = J2 𝜎⁄ … … … … … … … (3­4) 
The aim of the textured surface was to reduce the power dissipation by reducing 
both field strength and leakage current density in the shank regions of               
an insulator. The reduction of the electric field and the current density was 
achieved by increasing the insulator surface area by a factor α (α=1.301) and the 
creepage distance by a factor β (β=2.222) respectively [2-25]. With these 
increased factors (α, β), mitigation of the dry band formation and the surface 
degradation from the partial discharges was realized.  
The surface profile of a textured insulator used the same standard design, with   
a textured surface moulded either on the insulator trunk (TT) or on both trunk and 
shed surfaces (TTS) [2-23]. 
3.3.1. Textured Trunk (TT) profiles 
For the TT profiles, the three trunk sections of the insulator surface were moulded 
using a square intersection pattern with dimples of 4 mm (TT4) or 6 mm (TT6)    
in diameter. Figure 3-2 shows the textured trunk design (TT4) with 4 mm dimples. 
With this texture, the creepage distance of the insulator profile increased             
to 471 mm. 
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Figure 3-2: 4 mm textured trunk design (TT4) [2-81]. 
3.3.2. Textured Trunk and Shed (TTS) profiles  
In this case, both insulator trunk and shed surfaces were moulded with      
square-intersection hemispherical protuberances. An additional double spiral 
pattern of semi-cylindrical ridges under the shed area was used to enhance the 
creepage distance, as illustrated in Figure 3-3. The total creepage distance for 
the TTS profile was 503 mm, 32 mm increased in comparison with TT profile. 
 
Figure 3-3: 6 mm textured trunk shed design (TTS6) [2-81]. 
3.4. The Rotating Wheel Dip Test (RWDT) 
The reliability and the safe operation of the power transmission lines and 
distribution networks are greatly affected by the performance of the outdoor 
insulation [3-5]. For this reason, it is crucial to study the influence of outdoor 
insulators on high voltage systems. The rotating wheel dip test (RWDT) is one of 
the most commonly used methods of investigating the performance of high 
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voltage insulators. Based on the standard IEC 62730, RWDT has been 
considered as a screening test in order to identify any material or design 
unsuitable for use in overhead transmission lines. The standard also specifies the 
principal operation and test conditions required to examine four-shed polymeric 
insulators under the rotating wheel dip test. 
3.4.1. Test insulators 
Two different 4-shed insulator designs were used in this study, which were 
manufactured in-house using room-temperature vulcanised (RTV-2)                
two-component silicone rubber (600A/B) by casting over a glass-fibre core with 
aluminium end fittings crimped on each end. The mechanical and electrical 
properties of the 600A/B component are given in Table 3-1 [3-6]. 
 
 
 
 
 
The pigtail and pin aluminium fittings were attached directly to the fibreglass core, 
as illustrated in Figure 3-4. A superior adhering primer was used to enhance the 
adherence of the silicone rubber to the metal surfaces of the pin and the pigtail.  
A strong bonding between them was achieved.  
 
Figure 3-4: Pigtail and pin aluminium end fitting design. 
Table 3-1: Characteristics of 600A/B silicone rubber material 
Property Inspection method 600A/B 
Permittivity IEC 60250 2.9 
Dielectric strength [kV/mm] IEC 60243 23 
Tracking resistance  IEC 60587 1A 3.5 
Dissipation factor IEC 60250 3 x 10-
4
 
Tensile strength [N/mm
2
] ISO 37 6.50 
Hardness Shore  ISO 868 30 
Tear strength [N/mm] ASTM D 624 B 20 
Elongation at break [%] ISO 37 500 
Volume resistivity [Ω cm]  IEC 60093 10
15
 
Pin 
Fibreglass core 
Pigtail 
 62 
 
The insulator profile adopted was based on a conventional design (CONV),          
as shown in Figure 3-5a. The same basic profile was used for the textured 
insulators, with the textured surface moulded on the insulator trunk (TT6)   
(Figure 3-5b). The dimensions of both insulator designs are summarized             
in Table 3-2. 
                           
Figure 3-5: Test samples for conventional (a) and textured trunk (b) insulators.  
 
 
Parameter Conventional (CONV) 
(mm) 
Textured trunk (TT6)  
(mm) 
Creepage distance 
End fitting separation 
Shed diameter 
Shed separation 
Trunk diameter 
Inner core diameter 
Form factor 
375 
175 
90 
46 
28 
18 
2.76 
471 
175 
90 
46 
28 
18 
2.76 
 
3.4.2. Insulator preparation 
Two types of silicone rubber (SiR) insulators were fabricated in the High Voltage 
Laboratory at Cardiff University. The conventional insulator was manufactured as 
a standard commercial insulator available in the market while the TT6 insulator 
was designed based on the same basic profile of a standard insulator with 
textured surface enhancement of the insulator trunk. The RTV-2 silicones were 
prepared by mixing two components of the base resin (600A) and the curative 
(600B) with a ratio of 9:1 using an MCP 5/01 vacuum casting machine        
Table 3-2: Dimensions of tested insulators 
    (a)      (b)  
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(Figure 3-6a). During the casting process, the mixed components were injected 
into the mould.  
As can be seen in Figure 3-6a, the main components of the casting machine are 
(1) the top mixing chamber, (2) the lower injection chamber, and (3) the touch 
control panel. The mixed components of SiR (600A/B) are placed in the top 
chamber while the mould is placed in the lower chamber. 
At the beginning of the casting operation, trapped air is removed from the mixed 
components by degassing the top chamber for a few minutes. After about 12 
minutes of degassing and mixing, the SiR component is ready to be injected into 
the lower part of the casting machine where the mould is located. During the 
injection process and due to the complex geometry of the mould, a variable 
pressure is applied to force the mixture to fill the mould cavity. 
When the material starts to emerge from the venting channels, the mould cavity 
becomes full. The vacuum casting machine is then switched off and the mould 
placed in the oven (Figure 3-6b) for curing at 50° Celsius for eight hours. Next, 
the mould is left to cool for one hour, before the mould is separated to reveal the 
cast (Figures 3-6c and 3-6d).  
The insulator is then removed from the mould and inspected for any clear defects 
or voids. If no imperfection appears, it is left for an extra 24 hours at room 
temperature to ensure that the cross-linking of the polymer has been completed. 
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Figure 3-6: (a) the vacuum casting machine: (1) the top mixing chamber (2) the 
lower injection chamber (3) touch control panel; (b) oven; (c) conventional 
insulator; and (d) textured insulator 
 
 
 
 
(1) 
(2) 
(3) 
(a) 
(b) 
(c) Conventional (CONV) (d) Textured (TT6) 
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3.4.3. Rotating wheel dip test set-up and facilities 
A Rotating Wheel Dip Tester was designed and constructed in [3-11] in 
accordance with IEC 62730 standards [3-1]. The apparatus was designed to be 
able to accept AC and DC voltages. Figures 3-7 and 3-8 show the circuit diagram 
and the arrangement setup of the RWDT test.  
The Ferranti high voltage 7.5 kVA, 100 kV step-up transformer was fed from the 
220V mains supply voltage through a voltage controller, an isolating transformer, 
and a low-pass LC filter. For DC tests, the Glassman WX15P70 Series DC 
source was utilised to provide 1 kW of output power with a voltage up to 15 kV 
and a current of 70 mA. A 2 rpm DC permanent magnet motor with a Single Pole 
Single Throw Normally Open (SPSTNO) relay was used to attain the rotational 
movement of the test insulators. The tank used for the salt solution was made    
of a glass reinforced plastic (GRP) material with dimensions of                              
(1.6 m x 0.25 m x 0.75 m). The voltage and current transducers consisted 
respectively of a voltage divider with a ratio of 3750:1 and a 200 Ω shunt resistor 
for current measurement. The voltage and current signals were acquired using    
a computerized data acquisition system. For this purpose, a data acquisition 
(DAQ) card (MIO-16E series) was used, and its input was protected using           
a three-stage overvoltage protection system. 
 
 
 
 
Figure 3-7: Circuit diagram of RWDT. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
  10 
12 
13 
(1) 220V/main supply                                     (8) 200 Ω resistor 
(2) Variac                                                       (9) Over-voltage protection system 
(3) Isolating transformer                                (10) DAQ card system 
(4) (L-C) Filter                                                (11) Voltage signal 
(5) 100kV step-up transformer                       (12) Leakage current signal 
(6) SiR insulator                                             (13) PC 
(7) Voltage divider 
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Figure 3-8: Test set-up of Rotating Wheel Dip Test on 11kV polymeric insulator. 
3.4.4. Electric circuit of RWDT 
As can be seen in Figure 3-8, a metal frame is used to hold the wheel tester.       
At the top of this frame, a non-conductive bar is placed to support the electrode 
that was used to energise the insulator. In this circuit, the electrode is made of 
aluminium with some movement of the bar allowed to ensure a good contact with 
the insulator during the passage. The ground terminal of the insulator is 
electrically attached to the aluminium wheel; the wheel is then linked to the ring 
placed at the end of the rod through a cable that passes into a groove made in 
the rod. The ring is then put in contact with a carbon brush, which crawls to the 
ring during the revolution due to a spring located behind it to ensure good 
contact. The brush is connected to a 200 Ω resistor, which is grounded and 
placed in a metal box equipped with a BNC connector. The voltage signal across 
1 
3 
4 
5 
6 
9 
10 
11 
12 
13 
15 
16 
(1) HV electrode                                                (10) (SPSTNO) relay 
(2) Frame                                                           (11) DC motor  
(3) DAQ card system                                         (12) GRP tank 
(4) SiR insulator                                                  (13) Step-up transformer 
(5) Protection unit                                               (14) Carbon brushes 
(6) Insulator mounting                                        (15) Voltage divider                          
(7) Aluminium wheel                                           (16) (L-C) Filter                   
(8) Ring                                                               (17) resistor 
(9) Salt water (NaCl)                                                                                                                      
 
 
 
7 
2 
14 
17 
8 
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this resistor is acquired by the DAQ card through a coaxial cable (RG58).        
The signal is then saved into a personal computer using a LabVIEW code. The 
operating voltage signal is acquired directly to the DAQ system through a voltage 
divider and a BNC attenuator with a total ratio of 3750:1. For the motor control 
system, the speed regulator and a box in which the relay is situated are placed   
in the other side of the frame. The relay receives the control signal from a digital 
output pulse generated by a DAQ card. The complete cell is firmly fixed with        
a metal frame equipped with wheels, which allow it to be easily moved. 
3.4.5. Motor control program and data acquisition system 
In order to move the wheel where the insulator is mounted, a DC permanent 
magnet motor was used. Choosing such a kind of motor provides simple speed 
control and offers a fast response to starting and stopping [3-12]. The 
requirement to have a simple speed control is due to the different weights of 
insulators; each type of insulator requires different torques to achieve the same 
movement time (8 s) from two different positions. Because the torque/speed 
characteristic of a DC motor is quite linear, the speed can be simply controlled by 
changing the current [3-11]. 
(a) Motor control program  
Using the LabVIEW graphic programming language, an appropriate code was 
written to control the motor of the RWDT [3-7]. The program was developed to 
control the motor speed and to rotate the motor in the desired position. To 
generate the input signal to stop the motor, it was decided to use the value of the 
instantaneous power as a threshold condition [3-12]. Thus, when the insulator 
touches the high voltage electrode, the instantaneous power value reaches the 
threshold level. At this same time, the DAQ card generates a digital output signal 
to stop the motor. Using the graphical LabVIEW program shown in Figure 3-9, 
the user can follow the number of cycles that are run during the test and 
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determine the optimal threshold value required to stop the motor. Figure 3-10 
shows clearly the flow chart of the motor control program and how it 
communicates with the main data acquisition system. 
 
Figure 3-9: The graphical LabVIEW program of the motor control of RWDT. 
The data acquisition and the motor control programs were linked together           
to detect the number of cycles completed during the test. The program stages    
to achieve this interfacing are described as follows: 
a) The global variable value of the instantaneous power is created               
to interface both programs, and through this value, it is possible to check 
whether the motor has to be stopped. 
b) When the insulator rotates between the two positions, the program 
outputs a digital pulse of 5 V, and the average power value is under the 
threshold level. 
c) While the insulator is in a perpendicular position, where it is energised, the 
average power value exceeds the threshold level and the digital output of 
the program is carried down at 0 V, thus driving the motor to stop. 
d) Once the motor has stopped, the global variable of the average power is 
set to true, thus allowing the DAQ system to run. After 40 s, a pulse of 5 V 
is sent again to activate the motor and rotate the insulator to the next 
position. 
 
Threshold 
Ave_power 
 Wait 40 s   Wait 8 s  
Global variable 
Wait 
function 
Wait 
function 
 Digital 
output= 0 V  
 Digital output= 5 V  
 69 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10: Flow chart of the motor control program. 
Start 
End 
Stop 
Pressed? 
False 
Digital output =5 V. 
Motor starting 
I 
Acquire voltage 
and current 
Calculate power (P) 
P_threshold ˂ P? 
False 
True 
Digital output= 0 V. 
Motor stopping 
Wait 40 s  
Digital output = 5 V. 
Motor starting 
 
Saving acquired 
signals 
I 
True 
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(b) The data acquisition system 
The E-series MIO-16E National Instruments board was used to acquire the 
leakage current and the voltage signals during the test. The maximum input 
range varied between -10 V/+10 V. The data acquisition board can acquire either 
32 single-ended analogue inputs or 16 differential analogue inputs. The physical 
connection between the board and the RWDT control unit was attained by         
an SCB-68 connector block.  The connection between the connector and the 
DAQ board was made with an SHC68-68-EPM shielded cable. 
The data acquisition (DAQ) program of the RWDT was also built in LabVIEW 
(Figure 3-11). The program was designed to acquire, monitor, and store the 
waveforms of leakage current and applied voltage signals. The interface of the 
DAQ program with the motor control system is illustrated in Figure 3-11.  
The DAQ software starts acquiring/saving data when the insulator makes 
contacts with the HV electrode. The sample rate of the data acquisition board is 
104 samples per second for each of the two analogue channels of the voltage 
and current signals. The leakage current and voltage traces were stored             
in a Technical Data Management Streaming (TDMS) file format [3-8]. 
Data were saved in sets of 200 samples, which represent one cycle of the 50 Hz 
voltage and current waveforms. The acquisition of samples was repeated until all 
4×105 samples had been processed and, then, the next file was accessed. Each 
acquired file represented the saving data of one wheel revolution. 
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Figure 3-11: The LabVIEW block diagram code for acquiring, monitoring and saving 
the leakage current and applied voltage signals. 
(c) The post-processing data program 
The post-processing LabVIEW program was developed to read and analyse the 
data acquired from the RWDTs and the fog chamber tests. The block diagram of 
the software user is shown in Figure 3-12. The program allows the user to 
choose the path from which to read the saved files and determines a specific 
path for the calculated parameters. The code is also responsible for specifying 
the electrical characteristics to be analysed. The electrical parameters, such as 
the peak and root mean square (rms) leakage current of the applied voltage, 
average power dissipation, total harmonic distortion (THD), power factor angle, 
and absorbed energy are calculated. Studying the behaviour of these parameters 
helps to evaluate the performance of SiR insulators and material degradation 
under test conditions. 
Global variable 
 
Threshold 
Ave_power 
Voltage (rms) 
Leakage current (rms) 
Peak voltage  
Voltage probe 
Resistor 
VI graph 
N sample 
Writing to TDMS file: 
Acquiring data  
1000 
1000 
Storing 
Acquiring 
Monitoring 
Interfacing with 
the motor control 
1 
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Figure 3-12: The post-processing LabVIEW programming code: analysing and 
storing functions of the electrical properties. 
The rms leakage current magnitude was used to evaluate the behaviour of 
discharge activities that occurred on the insulator surface. These discharges may 
lead to surface drying and, ultimately, the formation of dry bands on the surface. 
The average power dissipation was used to measure the heat dissipated on the 
surface of the insulator since it is one of the major causes of material 
degradation. The cumulative dissipated energy was used to calculate the total 
power losses on the insulator surface, and based on these losses, the 
degradation level on the surface can be predicted.  
The power factor index calculates the phase shift angle between the voltage and 
the leakage current, which can be used to distinguish the features of the resistive 
surface conduction and surface discharge activity. The electrical parameters 
used in this work are calculated on the post-processing program code as follows: 
1- The root mean square (rms) value of the voltage (𝑉𝑟𝑚𝑠) and current (𝐼𝑟𝑚𝑠) 
signals for one cycle is calculated according to the following equations: 
 
Voltage (rms) 
Current (rms) 
Peak current 
% THD 
P.F index 
Acc energy 
Average power 
Charge 
Read from saved 
file: 
 
 
 
1 
Main read  
 
 
 
Main writing  
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𝑉𝑟𝑚𝑠 = √
1
𝑁
 . ∑ 𝑉𝑛
2
𝑁
𝑛=1
  … … … … . … … … … … … … (3­5) 
𝐼𝑟𝑚𝑠 = √
1
𝑁
 . ∑ 𝑖𝑛
2
𝑁
𝑛=1
      … … … … . … … … … … … … (3­6) 
where N corresponds to the number of samples per cycle (200 samples for this 
work). 
2- The absolute peak value of the both voltage (|VPeak|) and current (|IPeak|) 
signals over one cycle is calculated by identifying the greatest value. 
3- The average power dissipation for one cycle is computed by multiplying each 
instantaneous value of the voltage (𝑣𝑛) by its corresponding value of leakage 
current (𝑖𝑛). Then, the sum values of the instantaneous power are divided by 
the number of data points in that cycle according to Equation (3-7): 
𝑃𝑎𝑣 =
1
𝑁
∑ 𝑣𝑛 . 𝑖𝑛
𝑁
𝑛=1
      … . … … … … … … … (3­7) 
Consequently, multiplying the average power dissipation with the cycle period 
(T= 0.02s) will produce the energy dissipated per cycle: 
𝐸𝑎𝑣 = 𝑃𝑎𝑣 . T       … … . … … … … … … … … . (3­8) 
4- The cumulative dissipated energy is calculated by summing the energy of 
each cycle to the all former calculated energy cycles as described                   
in Equation (3.9). 
𝐸𝑎𝑐𝑐 = ∑ 𝐸𝑎𝑣𝑛       
𝑛
𝑛=1
 … … . … … … … … … … … (3­9) 
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3.5. Surface conductance measurement tests 
3.5.1. Surface conductance meter 
The device was built in [3-13] according to IEC 60507 standards to evaluate the 
local surface conductance of the pollution layer and to check its uniformity on the 
insulator surface [3-9]. The possible arrangement of this device is described by    
a conductance meter with two spherical electrodes built as illustrated in        
Figure 3-13. The electrodes were made of stainless steel pins 5 mm in diameter 
with a distance of 14 mm between their centres. The pins were spring-loaded so 
they could be pushed by hand against the insulator surface. The spring force at 
full compression was approximately 9 N. 
       
 
 
Figure 3-13: The arrangement of surface conductance meter. 
The voltage source with a Zener-diode at 6.8 V supplied the current through        
a probe between the electrodes. The measuring meter offered different full-scale 
deflection at values of 50 µA, 100 µA, and 500 µA. The selector switch was used 
to determine the scale deflection suitable for the measurement ranges. The 
measurements of the pollution layer were carried out at different places on the 
insulator surfaces as specified in [3.9]. The uniformity of the surface layer is 
achieved when the difference between each measured value and their average, 
as a percentage, is limited to ±30 %.  
Meter 
Probe  
  
(a) Spherical electrodes [3.9] (b) Conductance meter 
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3.6. Measurement of insulator pollution level 
According to IEC 60815, ESDD is the standard technique used for measuring 
pollution levels on insulator surfaces [3-2]. The levels of ESDD at the top and the 
bottom surfaces of insulators are usually different. The method used to evaluate 
the ESDD level in the laboratory, which is expressed in mg/cm2, is called          
the rag-wipe technique [3-10]. The ESDD measurements can be calculated from 
the conductivity and the temperature of the solution obtained from washing                
a particular area of the insulator surface using deionized water. The conductivity 
(𝜎T) of the solution is then measured by a HANNA conductivity meter                  
at temperature T (°C). The volume conductivity (𝜎20) at 20°C is then calculated by 
the following equation:  
𝜎20 = 𝜎T[1 − 𝑏(T − 20)]  … … … … … … … (3­10) 
 where: T = the solution temperature (°C). 
             𝜎T = volume conductivity at T°C (S/m). 
   𝜎20 = volume conductivity at 20°C (S/m). 
    𝑏 = the coefficient depending on the temperature of T, as obtained by the 
equation (3-7). 
𝑏 = −3.2 × 10−8T3 + 1.032 × 10−5T2 − 8,272 × 10−4T + 3.54 × 10−2 … … (3­11) 
The salinity (Sa) (kg/m
3) and the ESDD (mg/cm2) is then obtained using the 
following equations: 
𝑆𝑎 = (5,7𝜎20)
1,03  … … … … … … … (3­12) 
ESDD = 𝑆𝑎 × 𝑉/𝐴  … … … … … … . … … (3­13) 
where: 𝑉 = the volume of the deionised water (cm3). 
   𝐴 = the area of the insulator surface for collecting pollutants (cm2). 
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Next, the pollutant solution was filtered using a funnel with vacuum aspiration; 
this was then pre-dried, and the filter paper (GF/A 1.6 µm) was weighed using     
a high precision scale.  
The NSDD can then be calculated as follows: 
NSDD = 1000(𝑊f − 𝑊i)/𝐴     … … … … … … . … … (3­14)   
where: 𝑊f = the weight of the filter paper containing residuum after drying (g). 
             𝑊i = the initial weight of the filter paper under dry conditions (g). 
    𝐴 = the area of the insulator surface for collecting pollutants (cm2). 
𝑁𝑆𝐷𝐷= the non-soluble deposit density (mg/cm2). 
3.7. Fog chamber test  
3.7.1. Test samples 
Different 4-shed insulator designs with a smooth conventional surface and with 
textured patterns were used in this study. The insulators were manufactured in 
the high voltage laboratory at Cardiff University, as described in section 3.4.2. 
The insulator profiles adopted are the same insulators as those used for RWDT 
in addition to the textured trunk and shed (TTS) design. The insulator dimensions 
were also detailed in section 3.4.1. 
3.7.2. The preparation of pollution suspension 
The pollution suspension of polymeric insulators was prepared according           
to a modified version of IEC 60507 solid layer methods [3-9]. The contaminating 
suspension consisted of kaolin (40g), tap water (1l), wetting agent (1g), and        
a suitable amount of sodium chloride (NaCl) to achieve a volume conductivity 
range from 2.9 to 20.0 S/m. The pollution slurry with volume conductivities           
of 4 S/m, 11.2 S/m, and 20 S/m were prepared, and the performance of the 
different pollution levels for the insulators was evaluated. 
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3.7.3. The fog chamber 
The insulators were tested in the clean fog chamber of Cardiff University high 
voltage laboratory (Figure 3-14). The chamber wall is made of polypropylene, and 
its dimensions are 2 m x 2 m x3 m. An earthed aluminium mesh is present on the 
chamber floor. Visual inspection of the test sample inside the fog chamber is 
possible through a transparent door, which has a rectangular opening at 
approximately the height of the tested insulator to allow recording during the test 
using visual and infrared cameras.  
Three pairs of water spray nozzles supply the chamber with a uniform fog: two 
pairs of nozzles are placed in opposite corners of the chamber, and a third pair is 
located on the chamber floor. The fog supply is provided by a control panel 
located outside the chamber’s high voltage cage. This panel can be used           
to adjust the water flow rate and air pressure, which allows the wetting rate of the 
polluted insulator to be controlled. The high voltage is supplied to the chamber 
through a vertical aluminium tube with grading rings at both ends to limit corona 
discharges. Using a suitable mounting extension, different types of insulators can 
be mounted in the chamber. The test insulator is grounded by connecting the 
lower electrode to the earthed floor. 
 
Figure 3-14: Test set-up of fog chamber tester (Cardiff University High Voltage 
Laboratory). 
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3.7.4. The test circuit diagram 
The test circuit diagram of the fog chamber is presented in Figure 3-15.               
A Hipotronics AC Dielectrics test set provides the test voltage through a 150 kVA, 
50 Hz transformer that can supply a 2 A load at a maximum output voltage of    
75 kV. A control panel can be used to adjust the voltage supply by changing        
the (0-960 V) primary voltage via a Peschel Variable Transformer. The voltage 
can be controlled manually or by using a program to follow a predetermined 
voltage pattern. The circuit breaker will interrupt the supply in the case                
of a flashover event. The RMS voltage is viewed on a digital display control 
panel, and the voltage waveform is recorded through an RC divider with a voltage 
ratio of 10000:1. 
The current measurement and protection consists of a leakage current 
measurement resistor (selected from values of 4700 Ω, 1140 Ω or 94 Ω) with 
shunt branches of back-to-back high power Zener, Schottky diodes and gas 
discharge tube, which together suppress any overvoltage that might occur and 
protect the data acquisition card (DAQ). The data acquisition system monitors 
and records the voltage and leakage current waveforms using a developed 
LabVIEW program on a personal computer. 
 
 
 
Figure 3-15: The test circuit diagram of fog chamber. 
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3.7.5. The data acquisition system 
A data acquisition (DAQ) system program that acquires, monitors, and stores the 
waveforms of leakage current and voltage applied signals was built based on the 
NI-LabVIEW platform. The program received the digitised data by                      
an NI-PCI-6251 data acquisition board with the assistance of an SCB-68 
connector block, as illustrated in Figure 3-16. The DAQ board was fixed               
to a personal computer (PC). The connection between the SCB-68 connector and 
the DAQ board was achieved using an SHC-68-68-EPM shielded cable. The 
selected sampling rate was 104 for both DAQ card channels, which acquired 
leakage current and voltage signals. The signals were then saved in sets,          
as each cycle of 50 Hz consisted of 200 samples. The acquisition of samples was 
repeated until all 6×104 samples had been stored; then, the next file was opened. 
As these stored samples were segments of leakage current and voltage 
waveforms, an appropriate post-processing software program was used             
to analyse and assess the data recorded during the test. The program features 
and the electrical parameters calculated were clearly described in section 3.4.5c.   
 
 
Figure 3-16: Arrangement of data acquisition system. 
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3.7.6. Thermal and visual cameras records 
The observing and recording of discharge activities and dry band formation on 
the surface of tested insulators during the fog chamber and wheel tests were 
performed using FLIR A325 infrared (IR) thermal camera and a high-resolution 
video camcorder. The FLIR A325 was used to check the surface heating and 
thermal stress along the insulator profile and to reveal any dry band formation 
and/or discharge activity that may occur during the test, while the video camera  
was used to capture any discharge activity.  
The FLIR ThermaCAM Researcher software controlled all the operations of the 
camera, and it saved the infrared records files into a personal computer.          
The IR camera has a spectrum range from 7.5 to 13 μm with an IR resolution                 
of 320x240 pixels and an image frequency of 60 Hz. 
Both the IR thermal and video cameras were fixed on a tripod and placed outside 
the fog chamber and/or tracking wheel tester. During a fog test, unclear 
recordings may be observed due to the condensation process. For this reason,   
a suitable fan was directed at both IR and video cameras. 
3.8. Summary 
Several test methods were conducted to study the performance of outdoor 
polluted insulators. There are currently no specific international standards for 
using an artificial pollution test on polymeric insulators. For this reason, significant 
effort has been dedicated to finding techniques for testing polymeric insulators   
to investigate their performance under different test conditions. 
Different 4-shed silicone rubber insulator designs with the conventional smooth 
surface, based on a standard commercial insulator and with textured patterns, 
were fabricated in-house using an MCP 5/01 vacuum casting machine. 
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The RWDT based on the standard IEC 62730 was used to detect the material 
and/or the design of SiR insulators inappropriate for use on overhead 
transmission lines under AC and positive DC excitations. The designs used for 
this test evaluation were conventional (CONV) and 6 mm textured trunk (TT6)     
SiR insulators. 
The surface conductance evaluation tests were also performed on tested 
samples using a conductance meter built based on IEC 60507 standards. The 
tests were used to evaluate the variation trends of the local surface conductance 
on each insulator surface. The technique used for assessing the ESDD and 
NSDD pollution levels according to IEC 60815 was also achieved. 
In this chapter, an artificial pollution test method has been presented. The test 
procedure was based on the IEC-60507 solid layer method with modification of 
the pollution suspension by the addition of a non-ionic wetting agent.                
The insulator was then contaminated with a pollution layer and was tested           
in the chamber. 
During the RWDTs and clean fog tests, the waveforms of leakage current and 
voltage applied signals were acquired and saved using a data acquisition system 
program built based on the NI LabVIEW software. The stored data were then 
analysed using another post-processing program to calculate the essential 
electrical parameters used for performance evaluation. 
Thermal and visual observations were obtained by using an FLIR A325 infrared 
camera and a high-resolution video camcorder to investigate any indications      
of aging on the surface of the tested insulators. 
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CHAPTER 4: COMPARATIVE PERFORMANCE OF SILICONE RUBBER 
POLYMERIC INSULATORS UNDER HVAC AND HVDC ENERGISATIONS 
USING THE ROTATING WHEEL DIP TEST 
4.1. Introduction 
The increased use of polymeric insulators on the overhead power transmission 
and distribution systems has led to the development of various designs of 
insulators with different profiles and materials. In addition, recent growth             
in renewable energy systems has seen a parallel increase in HVDC systems. 
Insulator performance has not always been excellent, especially in polluted and 
wet environments, where degradation has been the main reason [4-1]. Outdoor 
insulation is continuously exposed to environmental factors such as salt fog, high 
humidity, acids and, consequently, performance is severely affected [4-2]. 
Discharge activities and dry band arcing due to surface contamination cause 
tracking, loss of hydrophobicity and erosion of the silicone rubber insulator 
surface [4-3]. Therefore, new anti-dry band designs using textured surfaces have 
been proposed to achieve better performance under polluted conditions [3-11].    
In the recent IEC 62730:2012 standard [3-1], the RWDT has been used as          
a screening test in order to reject materials or designs unsuitable for use           
on overhead transmission lines. This chapter presents experimental studies 
carried out using a RWDT on two 11kV silicone rubber polymeric insulators with 
different profiles. The main purpose of this study is to compare the aging 
performance of polymeric insulators under AC and positive DC excitations.      
The procedures of the Standards were adopted to perform AC and positive DC 
tests on different insulator designs. A conventional polymeric insulator design 
was selected and compared with insulators with textured surfaces. The textured 
surfaces were developed by Cardiff University to increase the creepage distance 
and to enhance tracking/erosion performance. The results of long-term testing 
are reported; both voltage and leakage current signals were measured and 
digitized through a computerised data acquisition system. The signals were then 
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processed to calculate other significant parameters of the test results,                
as described in section 3.4.5c. In particular, the magnitude and shape of the 
leakage current waveform, the RMS leakage current, power dissipation, the 
power factor angle, and the cumulative dissipated energy on the insulator surface 
were observed to characterize each test. Use of these parameters makes 
possible a direct comparison between different insulator designs under 
alternating and positive direct voltage applications. Continuous monitoring of the 
shed surface and insulator trunk using an infrared camera were undertaken        
to assess the temperature distribution along the insulator profile. Hydrophobicity 
tests were performed before and after termination of the test to evaluate the 
degradation level of the insulator surface and its material. In addition, localized 
surface conductance measurements were evaluated using a conductance meter 
with probes fabricated as detailed in section 3.5.1. This evaluation helps             
to identify and explain the variation in conductance and its distribution across the 
surface of each insulator. 
Computer simulation based on Finite Element Method (FEM) was used to 
calculate the potential and the electric field distributions along the leakage 
distance of the insulator. The insulator model was developed and simulated using 
COMSOL Multiphysics software under dry clean and wet polluted conditions with 
the assumption of the uniform pollution layer on the entire surface. These 
simulation results help to identify the intensive regions of the high electric field 
that is susceptible to the formation of the dry bands. 
4.2. Experimental conditions 
Based on the IEC 62730:2012 standard, the total applied voltage during the test 
under alternating and positive direct excitations was 35 V/mm multiplied by the 
leakage distance. The leakage distance of the tested insulator was calculated   
as 375 mm. Therefore, a voltage of 13kV was selected. The salinity of the 
solution in the test tank, consisting of salt (NaCl) and deionized water,             
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was 1.4 g/l. The requirements, measurements and acceptance criteria for RWDT 
are summarized as follows: 
a. The content of salt (NaCl) dissolved in 300 litres of deionized water is: 
1.4 grams/litre ×  300 litres =  420 grams  
b. The salt solution in the tank shall be replaced weekly. 
c. Each revolution of rotation should have four test positions consisting of 
energisation, de-energisation, dipping, and dripping positions. 
d. Test samples of the same design shall be evaluated together. Pairs of test 
samples of a different design shall be assessed separately. 
e. The tracking wheel test is considered to have been passed if on both test 
insulators: 
 erosion does not reach the glass fibre core, and in any case, the erosion 
depth is less than 3 mm 
 no tracking occurs on the tested samples 
 no shed or housing is punctured 
4.3. Experimental procedure 
Two different silicone rubber insulators were used in this study, which were 
manufactured as described in section 3.4.2. Before starting the test, the 
insulators were cleaned with deionized water and then mounted on the wheel test 
ring, as shown in Figure 4-1. The silicone rubber insulators were tested 
continuously under AC and positive DC energisations for 190 wheel revolutions, 
for a total test time of 10 hours. In this test, each revolution takes 192 s with        
4 test positions consisting of energisation, cooling, dipping, and dripping. For 
each position, the test sample remains stationary for about 40 s, and it takes 8 s          
to rotate through 90° from one position to the next. In the first period of the test 
cycle, the insulator is dipped into the salt water. The second period of the cycle 
allows the excess saline solution to drip off from the sample, ensuring the 
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formation of a thin wet layer on the surface. In the third period, the sample is 
exposed to the high voltage stress. In the last period of the test revolution, the 
surface of the tested insulator, which had been heated by discharges activities 
and dry band arcing in the previous period, is allowed to cool [3-1]. 
 
Figure 4-1: Schematic diagram of rotating wheel dip test [3-1]. 
4.4. Rotating wheel dip tests under AC excitation 
4.4.1. Leakage current  
Figure 4-2 shows typical waveforms of applied voltage and leakage current for 
the conventional and textured insulators, measured during the 15th test cycle,    
24 s after the start of the third period. It is clear from the two plots that discharge 
activity occurred on both surfaces. However, it was more severe on the 
conventional surface. The high resistive leakage current behaviour observed at 
initial energization leads to drying of the surface and the formation of dry bands. 
Energized period 
Dripping period 
Dipping period 
Cooling period 
Grounded insulator 
support wheel 
HV 
Salt water 
8 s 
40 s 
Rotating in 90⁰ steps 
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When the formation of dry band arcing occurs, this can be seen in the current 
waveform of the conventional insulator by the steps at 3.5 ms. This waveform is 
similar to that observed in [3-11, 4-4]. In the case of a textured surface, the 
discharge activity is much lower, and a mostly conductive behaviour is observed. 
 
 
 
Figure 4-2: Leakage current and voltage applied waveforms during the 15
th
 wheel 
revolution. 
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4.4.2. RMS leakage current 
Figure 4-3 shows the typical shapes of RMS leakage current measured for the 
tested insulators. As described earlier, each insulator was energised for a period 
of 40 s. For the conventional insulator, the wet surface dried over time due to the 
dripping of water and Joule heating. Non-uniform discharge activity caused heavy 
arcing and further drying. This drying progression was accompanied by a fall in 
the leakage current magnitude reaching to 3 mA at the end of the energisation 
period. For the textured insulator, a continuous thin conducting layer was 
maintained. Discharge activity was limited on the surface, and the magnitude of 
leakage current was slightly reduced. 
 
 
Figure 4-3: Typical RMS leakage current for conventional and textured insulators. 
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4.4.3. Peak current magnitude 
As can be seen in Figure 4-4, the typical variation of the absolute peak 
magnitude of leakage current was measured for the two insulators. The average 
peak current magnitude for both insulators was approximately 8 mA. It is obvious 
that on a conventional insulator, there are significant variations in current 
magnitude due to intermittent discharge activity reaches up to 18 mA at the 
termination of a 40 s period. In contrast, the textured insulator exhibits very little 
evidence of discharge activity. 
 
 
 
 
Figure 4-4:  Typical variation of the absolute peak magnitude of leakage current. 
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4.4.4. Power dissipation 
Figure 4-5 illustrates the average power dissipated on the surface of the test 
insulators during the 15th wheel revolution. It can be seen that the power 
dissipation for the conventional profile increases significantly until it reaches the 
initial peak value of 40 W after 20 s. However, with a textured profile, the trend of 
the shape is mostly constant with a lower value of power dissipation about 20 W. 
After the initial peak of the conventional surface, the dissipated power decreases 
gradually and significant distortion is observed during this period. This distortion 
is caused by the increasing discharge activity occurring on the insulator surface. 
 
 
Figure 4-5: Average power dissipated by conventional and textured insulators. 
0
5
10
15
20
25
30
35
40
45
0 5 10 15 20 25 30 35 40
0
5
10
15
20
25
30
35
40
45
0 5 10 15 20 25 30 35 40
Time [s] 
Time [s] 
A
m
p
lit
u
d
e
 [
W
] 
A
m
p
lit
u
d
e
 [
W
] 
(a) Conventional insulator 
(b) Textured insulator 
 Textured 
Conventional 
 90 
 
4.4.5. Power factor angle 
The distinguishing features of resistive surface conduction and discharge surface 
activities during one energisation period of 40 s can be observed in Figure 4-6 
showing the calculated power factor angle for conventional and textured 
insulators respectively. It is clear from the graph that the conventional surface 
begins to exhibit localised drying from 17 s into the energised period. The power 
factor angle deviates from zero, reaching a measurement of 75° after 38 s. For 
the textured profile, resistive surface conduction dominates during the 
energization cycle (the power factor angle remains close to zero). This behaviour 
is observed for all cycles during the 10-hour test period. 
 
 
 
Figure 4-6: Power factor angle for conventional (a) and textured (b) insulators. 
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30 35 40
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30 35 40
Time [s] 
Time [s] 
D
e
g
re
e
s
 
D
e
g
re
e
s
 
(b) Textured insulator 
(a) Conventional insulator 
Conventional 
Textured 
 91 
 
4.4.6. Cumulative dissipated energy 
Figure 4-7 shows the total cumulative dissipated energy for both insulators under 
AC excitation within a 10-hour test. The trends for both insulators are similar, 
reaching 160 kJ at the termination of the test. However, the discharge by partial 
arcing is likely to be more damaging than the ohmic power for the textured 
insulator. 
 
 
Figure 4-7: Total cumulative dissipated energy during 190 wheel revolutions under 
AC excitation (10 hours). 
4.5. Rotating wheel dip tests under positive polarity DC excitation 
4.5.1. Leakage current 
Typical leakage current traces measured for the two insulator designs are shown 
in Figure 4-8. Both insulators exhibit a significant current at the beginning of the 
period reaches to about 9 mA. For the conventional insulator, the leakage current 
is frequently observed to be interrupted. The interruption period was observed 
between 27 s and 34 s. This is thought to be caused by a significant partial 
arcing, not observed in AC testing. In contrast, the textured insulator shows 
limited discharge activity and no current interruption periods. This behaviour is 
attributed to the lack of significant dry band formation. 
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Figure 4-8: Typical variation of leakage current for both insulators under DC 
excitation. 
4.5.2. Cumulative dissipated energy 
Figure 4-9 illustrates the total cumulative dissipated energy for tested insulators 
under DC excitation for a 10-hour test. The trends for both designs are similar, 
reaching 650 kJ at the end of the complete 190-revolution test. This result 
confirms the severity of the DC excitation on both insulator surfaces compared 
with the AC excitation. 
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Figure 4-9: Total cumulative dissipated energy during 190 cycles test under DC 
excitation (10 hours). 
4.6. Visual and infrared (IR) observations of aging 
4.6.1. Visual and infrared (IR) observations  
During the tracking wheel tests, thermal and visual video records were obtained 
in order to investigate indications of aging on the insulator surfaces. The purpose 
of the IR imaging is to reveal any surface heating due to discharge activity and to 
detect dry band formation when a 13.12 kV voltage is applied to the insulator. 
The calibration of IR camera was performed using an insulator with known 
temperature. The calibration performance by the manufacturer in recent service 
also confirms the precision of the device within ± 0.2 °C from the target 
temperature. Using the FLIR ThermaCAM Research software allowed the 
camera saved the infrared records as .SEQ files. This file format can be 
dynamically post processed restoring the real-time data. Figure 4-10 shows 
infrared records and temperature distributions along the axis LI1 on the surface 
profile of conventional and textured insulators. The temperature distributions 
caused by discharge activity at the 20th, 90th and 150th cycles are shown in  
Figure 4-10 (a), (b), (c) respectively.  
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Figure 4-10:  Infrared record and temperature distribution along the surface profile 
of tested insulators during rotating wheel dip tests, of different instants. 
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It is clear from the IR captures that the higher temperature value was recorded on 
the conventional non-textured insulator. This correlates to the higher discharge 
activity and dry band arcing occurring on this surface, which was not observed in 
the textured insulator.  
During the test, dry band arcing occurred and it was clearly observable on the 
trunk surface of the conventional insulator during energization periods. The visual 
captures recorded by the HD digital camera reveal visible discharge activity and 
dry band arcing on the trunk surface of the conventional insulator. As shown in 
Figure 4-11, the yellow light of dry band arcing was observed. Such arcing leads 
to tracking on the polymeric surface [4-4, 4-5, 4-6]. 
                 
Figure 4-11: Visible discharges activities during rotating wheel dip test. 
After each 10-hour test, visible changes to the tested sample surfaces were 
observed. Surface degradation by tracking and erosion was detected. As shown 
in Figure 4-12, a black mark was observed on both shed and trunk surfaces of 
the tested insulators, principally on the trunk surface near both the energized and 
the ground ends.  
The occurrence of such tracking may have been caused by high electric field 
stress. In addition, surface tracking on the moulding seam of the insulator trunk 
was seen for both samples. The tracking on the moulding line can cause 
significant damage to polymeric insulators under severe conditions. The result 
shows both insulator designs were affected by AC and positive DC excitations, 
the latter being more severe [4-7]. 
 
Dry-band arcing 
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Figure 4-12: The visual appearance of tested samples at the end of the test. 
4.6.2. Electrical discharge activities and temperature distribution 
Using the IR camera, images of the temperature distribution along the surface 
profile were taken each second during the tracking wheel test. Figure 4-13 shows 
two instant thermal images, A and B, which were captured at 16 s and 23 s 
during the 15th cycle test.  
It is clear from the instant thermal image A that the partial arcing started to form 
after 16 s of the energization period. This can be also identified from the leakage 
current waveform that corresponded to thermal image A. In the subsequent 
thermal image B, when a hot spot developed due to partial arcing, the surface 
temperature was increased significantly. Partial arcing increased the local 
temperature along the surface profile, with the material near the top electrode 
reaching 150°C. With this increasing of the temperature, the non-linear 
relationship between leakage current and applied voltage were illustrated in 
Figure 4-13 b. The thermal images and the leakage current waveform obtained 
are similar to those observed in [4-8]. 
(i) Tracking and erosion (ii) Black dirt mark 
(a) AC test 
(i) Severe erosion (ii) Tracking on moulding seam 
(b) DC test 
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Figure 4-13: Temperature distribution and leakage current waveforms of the 
conventional insulator when (1) partial arcing was formed and (2) a hot spot due to 
partial arcing developed. 
4.7. Hydrophobicity tests 
Surface hydrophobicity is one of the most used criteria to evaluate the 
performance of composite insulators. The hydrophobicity of a silicone rubber 
surface changes with time due to the effects of discharge activities and outdoor 
environmental conditions. In this study, the hydrophobicity evaluation of tested 
samples was carried out using the water spray method, as described in the 
Swedish Transmission Research Institute (STRI) guide [2-92]. A suitable spray 
bottle was used to provide a fine mist from a distance of 25 cm. The wetting 
process was continued for 20-30 seconds until the whole surface was completely 
wetted. The hydrophobicity classification (HC) was evaluated within 10 seconds 
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after the completion of the test. Hydrophobicity tests were performed before and 
after the test to check the degradation level of the insulator material, as shown    
in Figure 4-14.  
 
 
 
Figure 4-14: Hydrophobicity comparisons between tested insulators.  
After the 10-hour test, a reduction in hydrophobicity for the tested samples was 
observed under AC and positive DC excitations. The HC levels were defined for 
each insulator, and the obtained results are shown in Table 4-1. The loss of 
hydrophobicity on the tested insulators may have been caused by the higher 
electric stress and discharge activities on the surface during the test. The higher 
temperature value recorded along the conventional profile attributed to the higher 
discharge activity occurs on this surface. This might be also correlated with the 
HC level results obtained at different positions along its surface where in the case 
of textured design may be better performed. The silicone rubber insulator 
material was found to recover its surface hydrophobicity after a recovery period of 
24 hours.  
                (i) Before                 (ii) After                   (i) Before                (ii) After 
(a) Conventional insulator                  (b) Textured insulator 
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4.8. Localised surface conductance evaluation tests 
During a test using the RWDT, local surface conductance measurements were 
evaluated using a conductance meter with two spherical probes built as 
described in section 3.5.1. The probe was used to measure the conductance 
values on the insulator trunk, and top and bottom shed surfaces. The 
measurement was carried out for both insulator designs. The localised 
measurements were evaluated at selected times after the start of the test. This 
evaluation helped to identify and explain the trends of the conductance and its 
distribution on each insulator surface. The average conductance measurements 
of the top and bottom sheds of the tested samples are reported in Figure 4-15 
and Figure 4-16 respectively. It is clear from the graphs that the textured profile 
had a lower increase during the test. The average surface conductance values of 
the upper shed surfaces for textured insulator were significantly decreased by    
Table 4-1: Evaluated hydrophobicity level of samples after 10-hour test. 
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22 % in comparison with the conventional. This can be clearly observed in the 
bottom shed curve (Figure 4-16) where the increase of surface conductance 
values was marginal for the textured design and 46 % decrease of surface 
conductance measurements attained compared with the conventional. A similar 
variation trend was also observed on the insulator trunk and 42 % reduction of 
surface conductance values was obtained, as can be clearly seen in Figure 4-17. 
This tendency suggests that the textured design reduces the hydrophobic 
characteristics, and therefore, it can promote an increase in the insulator’s life 
expectancy and improve overall performance.  
 
Figure 4-15: Average surface conductance measurements for the top sheds of 
tested insulators. 
 
Figure 4-16: Average surface conductance measurements for the bottom sheds of 
tested insulators. 
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Figure 4-17: Average surface conductance measurements for the trunk of tested 
insulators. 
4.9. Computation of electric field distribution over the polluted 
surface of silicone rubber insulator  
A clear understanding of problems such as electric discharge and the dry band 
can only be attained through precise determination of electric field distribution 
along the insulator surface under various ranges of environmental conditions. 
Simulation of the electric field over the surface of the insulator is proposed to 
determine the high electric stress regions on the surface, thereby identifying the 
most vulnerable areas on the insulator. Commercial software based on the Finite 
Element Method [FEM] is used for insulator modelling to calculate the electric 
potential and electric field distribution along the leakage distance of the insulator. 
The insulator model is developed for dry clean and wet polluted conditions with 
the assumption of uniform pollution layer for the entirely surface. It should be 
highlighted that, under normal conditions, silicone rubber insulators would not be 
often subjected to a uniformly wetted surface situation owing to their outstanding 
hydrophobic surface properties. In spite of that, the following simulation results 
help to recognize the high field region that could be vulnerable to the dry band 
formation. 
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4.9.1. Insulator geometry and material properties 
The insulator investigated in this study is the same standard 11 kV SiR insulator 
used for the rotating wheel dip test. The dimensions and geometry of the 
insulator are shown in Figure 4-18. 
                                                   
 
 
Figure 4-18: An 11 kV silicone rubber insulator: (a) insulator geometry (b) cross-
sectional profile and dimensions 
As it mentioned in section 3.4.1, SiR insulator comprises of three main parts; 
insulator housing, metal end fitting and the fibreglass core. The insulating 
housing is made of SiR material with a relative permittivity of ɛ𝑟= 2.9. The metal 
fittings used for the high voltage energisation and ground terminals are made of 
the aluminium. These end fittings are attached to an 18 mm diameter fibre rod at 
a separation distance of 160 mm. The rod with a relative permittivity of ɛ𝑟= 7.1 is 
crimped in the middle as a core to enhance the mechanical strength. 
The insulator has 4-sheds with a diameter of 90 mm of each shed and spacing 
distance of 45 mm along the insulator unit. The measured creepage distance 
along the insulator surface is about 375 mm. Both SiR material and fibreglass 
core in this simulation were assumed to be perfect insulator with conductivity of 
1.0 × 10−13 S/m. The pollution layer over the insulator surface is assumed to be 
uniform with 0.5 mm thickness [4-9]. The conductivity of the pollution layer was 
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adopted from the laboratory measurements with a value of 1.0 × 10−6 S/m. 
Detailed electrical properties used for insulator modelling are given in Table 4-2. 
Materials Relative 
Permittivity, ɛ𝒓 
Conductivity, 
σ (S/m) 
Aluminium end fittings  1.0 26.31 × 106 
Silicone Rubber 2.9 1.0 × 10−13 
GRP core 7.1 1.0 × 10−13 
Pollution layer 81 1.0 × 10−6 
Air background 1.0 1.0 × 10−13 
 
4.9.2. Boundary conditions 
An AC voltage of 18 kV at 50 Hz is energised to the top high voltage terminal 
while the bottom terminal is connected to the ground (0 V). The energisation 
voltage corresponds to the peak value of the potential that applied to the insulator 
during the rotating wheel dip test. The voltage was applied for 40 sec to simulate 
the energisation time subjected to the insulator during one wheel revolution. The 
air space surrounding the insulator is simulated adequately large to reduce its 
effect on the distribution of potential along the insulator profile and close to the 
electrodes. The outer edges of air region were assigned with a boundary of zero 
external current and electromagnetic sources, therefore representing a physical 
system that is an isolated open space. The axial symmetry line of the insulator as 
shown in Figure 4-19 was set as the symmetric axis on the r-z plane. The voltage 
profiles along the insulator surface for clean and wet polluted insulators were 
computed. The equipotential lines of the SiR insulator model under dry clean and 
polluted conditions were also calculated. For wet polluted insulator, the tangential 
electric field along the leakage path of the insulator was calculated. The surface 
power dissipation in the pollution layer along insulator surface was calculated. 
 
Table 4-2: Material properties for the used insulator 
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4.9.3. Simulated model 
The silicone rubber insulator described in section 4.9.1 was drawing using 
AutoCAD software tools and saved in an extension file of dfx format. The 
insulator was then imported to the COMSOL Multiphysics software, and the 
boundary conditions were applied. In this model, as the insulator structure is 
cylindrical in shape, therefore, the modelling can be simplified into a two 
dimension (2D) symmetric model in preference to a full three dimension (3D) 
model that uses much of computer memory. This simplification saves the 
considerable size of memory and processing time without affecting the accuracy 
of the simulation results. In addition, using symmetric model, only half of the 
insulator structure was created, as shown in Figure 4-19. 
 
Figure 4-19: Two dimension (2D) axis symmetric model for a polluted insulator 
After completing the stages of the model structure, specifying material properties 
and boundary conditions, the entire geometry regions except the end fitting parts 
were divided into small non-overlapping, non-separated triangular elements. This 
process is called meshing process. To improve and enhance the accuracy of the 
simulation results, the number of meshing element was increased in the region 
along the insulator surface where the electric field intensity is found to be higher. 
The insulator model was carried out in the FEM analysis using Static Electric 
mode, which assumes that electromagnetic fields and currents varying         
slowly [4-10]. 
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4.9.4. Simulation results and discussion 
(a) Equipotential and voltage distribution along the insulator surfaces 
The equipotential lines of the SiR insulator model under clean and wet polluted 
conditions are illustrated in Figure 4-20 (a) and Figure 4-20 (b) respectively. The 
lines are simulated at 5% voltage interval, so a total of 20 equipotential line levels 
are plotted in the simulation results. As can be seen from both Figures, the 
contours are usually concentrated close to metal fitting electrodes. This indicating 
to the high electric field concentrated in these regions. Under wet polluted 
conditions, the equipotential lines are found to be more uniformly spread 
compared with those obtained from the dry clean surface. This behaviour occurs 
due to the presence of the resistive pollution layer which helps to redistribute the 
concentrated lines widespread along the surface profile.
 
Figure 4-20: Equipotential lines along the surface profile of the clean dry and wet 
polluted SiR insulator 
The calculated voltage distributions along the leakage profile of the insulator 
under both surface conditions are shown in Figure 4-21. The creepage distance 
is measured along the SiR surface, starting from the ground and ending at the 
(a) Dry clean (b) Wet polluted 
 106 
 
high voltage terminal (375 mm). An increment trend is observed for both curves 
when shifting toward the energisation end. The voltage profile along dry clean 
surface shows a high potential gradient at both ends, demonstrating high field 
regions on the insulator surface. This can be correlated with the equipotential 
lines obtained in Figure 4-20 (a) where the line concentration is close to the 
insulator terminals. For the wet polluted surface, the voltage profile seems to be 
more uniform and smoother than the profile for the clean insulator. This attributed 
to the equally spread distribution of the equipotential lines shown in             
Figure 4.20 (b). 
 
Figure 4-21: Voltage profile along the SiR insulator surface 
The dry clean surface also shows curve undulations mainly at the region close to 
the insulator terminal ends. These undulations are caused by the equipotential 
lines that cross the insulator surface at more than one point as illustrated in 
Figure 4-20 (a). The same voltage level appears at different locations along the 
leakage distance causing a non- smooth voltage profile. The undulations are not 
observed on the potential profile under the polluted condition. This can be 
explained by the equipotential line only crosses the surface at one single point, 
as seen in Figure 4-20 (b). 
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(b) Electric field distribution along the wet polluted insulator 
Figure 4-22 shows the plot results of electric field distribution along the leakage 
distance of the insulator under wet polluted surface condition. The simulated 
electric field was computed for 40 sec representing the tangential electric field 
along the insulator surface. The graph, in general, demonstrates a similar trend of 
electric field distribution between the ground and HV ends. The highest tangential 
field obtained on the surface is that near to the metal fitting electrodes with 
magnitude value of 1.9 kV/cm. Peaks of tangential field can be also seen in the 
shank regions where is the field magnitude reaching about 1 kV/cm. These peaks 
show a good correlation with the equipotential results and voltage profile 
concerning in the previous section. From the equipotential lines illustrated in 
Figure 4-20 (b), it is recognised that the electric field in the shanks areas tends to 
pass tangentially to the insulator surface, therefore enhancing to increase the 
electric field at the surface regions between 69 mm and 120 mm (shank A), 159 
mm and 220 mm (shank B) and 240 mm and 312 mm (shank C) along the 
leakage distance.  
 
Figure 4-22: Tangential electric field along the leakage path for insulator under wet 
polluted surface condition 
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The electric field in the regions of the upper shed surface near to the ground 
electrode (between 44 mm and 69 mm) and the bottom shed surface at high 
voltage end (between 312 mm and 335 mm) are significantly low. This is because 
the tangential field component is run in the opposite direction of the leakage 
current along the SiR surface. 
(c) Power dissipation in the pollution layer along insulator surface 
Discharge activities and dry band formation on the surface of the SiR insulator 
are relatively correlated with the high electric field. With the presence of the wet 
pollution layer on the surface, the flow of the leakage current is mainly driven by 
the electric field, in particular, the tangential component. This current will cause 
power dissipation leading to resistive heating in the pollution layer which, 
consequently, will dry out the water and thus leading to the formation of dry 
bands on the insulator surface. The surface power dissipation in the pollution 
layer per unit surface area along the leakage path was calculated in [4-9]: 
𝑃𝛺 = 𝜎𝐸𝑡
2 × 𝑡𝑝 ……………………….. (4 -1) 
Where 
𝐸𝑡: is the tangential electric field (V/mm). 
𝑡𝑝: is the thickness of the pollution layer along the leakage path (mm). 
𝜎: is the conductivity of the pollution layer along the leakage path (S/m). 
The surface power dissipation in the pollution layer along the leakage path is 
shown in Figure 4-23 and computed using the equation (4-1) and the tangential 
electric field results obtained from the Figure 4-22. The thickness and the 
conductivity of the pollution layer used are the same values given in the section 
4.9.1 and Table 4-2. The calculation of power dissipation was carried out through 
programming the equation in the COMSOL software. 
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Figure 4-23 shows two power peaks close to the end terminals in the same 
regions where the highest tangential electric field observed. The highest 
dissipated power value observed is about 18 W/m2. Peaks of the dissipated 
power can be also seen the shanks regions along the insulator surface as 
expected with magnitude value of 5 W/m2. This result gives a good correlation 
with the visual and infrared observations obtained in the section 4.6.1. It can be 
predicted that electric discharges and the formation of dry bands are probably to 
occur near the end terminals and shanks regions where the highly tangential field 
and long heating effects. Continuous heating on the SiR surface could destroy its 
hydrophobicity and, therefore, leads to degradation of the insulator on the long 
term. 
 
Figure 4-23: Surface power dissipation in pollution layer along polluted insulator 
surface 
4.10. Conclusion 
In this chapter, extensive tests were carried out describing the performance of 
silicone rubber polymeric insulators using the RWDT based on IEC 62730:2012. 
The procedures were adopted based on the 10 hours tests to perform AC and 
positive DC tests on conventional and textured insulator designs. 
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Several parameters, such as RMS and peak magnitudes, cumulative dissipated 
energy, power dissipation and power factor angle were measured to characterise 
the differences in performance for each design. Significant differences were 
observed in the leakage current waveforms for conventional and textured 
insulators. Surface tracking and erosion defects were observed on both insulator 
designs at the end of the test. Dry band arcing discharges were also visible       
on the trunk surface of the conventional profile. In addition, observations using         
a thermal camera were made on the shed surfaces and the insulator trunk, and   
a higher temperature was observed on the conventional surface. A decrease      
of hydrophobicity was measured on tested surfaces, and the time-variation trends 
of the conductance were defined on each insulator surface.  
The potential and electric field distributions along the surface profile of silicone 
rubber insulator have been studied using the COMSOL Multiphysics finite 
element software. An ideal model has been adopted for an easily simulation the 
laboratory test conditions. The simulation results under dry and polluted surface 
conditions reveal the highly electric field region on the insulator surface as 
expected. In particular, near the end terminals and shanks regions. This 
favourable finding gives a good correlation between the two methods of 
simulation analysis and laboratory work through the rotating wheel dip test. 
The power dissipation on the surface of the wet polluted insulator is relatively 
proportional to the electric field strength, particularly, the tangential field. This 
field has an effect on the developments of the surface leakage current leads to 
resistive heating in the pollution layer, thereby, the formation of dry bands. These 
simulation results provide useful information about surface heating that might be 
used to predict the formation of the dry band along the creepage path. 
The conclusions of this chapter may be drawn as follows: 
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 For AC tests, the leakage current measurements showed that drying and 
discharge activity is greater for a conventional SiR insulator compared 
with a textured insulator. 
 The power dissipated by partial arcing in conventional insulators is 
expected to be more damaging than the ohmic power loss for textured 
insulators. 
 Using the calculated power factor angle for both insulator designs have 
distinguished the discharge surface activities during the energisation 
period, which was not always observed for the textured design as in the 
conventional. 
 For both conventional and textured insulators, the cumulative dissipated 
energy is approximately four times greater for 13 kV positive DC than for 
13 kV rms AC excitation. 
 Under DC excitation, the conventional design showed regular dry band 
formation, associated with a frequent current interruption periods which 
was not observed for the textured design. 
 When dry band arcing occurred, both insulator designs were affected, and 
more severe degradation could appear on positive DC tests than on AC 
tests. 
 Tracking and erosion were quantified by visual recorded and were more 
severe in the case of the conventional design. The eroded area was also 
less, negligible for textured and significant for the conventional. 
 The surface conductance of the polluted layer was 46 % lower for the 
bottom shed surface of the textured insulator than that for the 
conventional insulator. This tendency was also observed for the trunk and 
the upper shed surfaces in which the reductions were respectively 42 % 
and 22 % compared with the conventional. 
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 Electric stress on the SiR insulators was investigated and analysed by 
using the computer simulations. Good correlation was achieved between 
simulated results and practical observations on the discharge activity.  
This study confirms that textured insulator profiles can improve the performance 
of polymeric insulators against the tracking and erosion under AC and positive 
DC excitations. 
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CHAPTER 5: ARTIFICIAL POLLUTION LAYER CHARACTERISATION ON 
CONVENTIONAL AND TEXTURED SILICONE RUBBER INSULATORS 
5.1. Introduction 
Composite insulators are increasingly deployed in new AC and DC high voltage 
transmission systems due to their excellent performance in polluted environments 
[5-1, 5-2, 5-3]. Many authors have previously suggested many empirical 
equations to predict the flashover voltage, FOV, levels under pollution based on  
a strong influence of the ESDD on the FOV [5-4]. However, it is worth noting that 
FOV performances are only one of the key points in the design of new polymeric 
insulators. In fact, the design targets in the selection of ceramic and composite 
insulators are different [5-5].  
Ceramic insulators are not significantly affected by continuous partial discharge 
activity, and their anti-pollution design mainly deals with pre-arcing leakage 
current values. Meanwhile, composite insulators offer high hydrophobic 
properties even under heavy pollution. Sustained partial discharges can affect 
this hydrophobicity property following an increase of leakage current to tens of 
mA. This degradation can cause tracking events and can damage the insulator 
surface, increasing the probability of a flashover and permanent insulator     
failure [5-5].  Therefore, it is very important to limit the leakage current under 
certain levels for the insulators service lifetime, especially under polluted wet 
conditions.  
Clean fog testing of artificially polluted insulators is an important tool in the design 
process of high voltage outdoor insulators. A voltage ramp test in the clean fog 
chamber, which was recently proposed in [5-6], makes possible the differentiation 
of insulation materials and the assessment of insulators with and without textured 
surfaces using the mean FOV test results of four sequential ramps. The surface 
layer conductance is one of the key parameters that influences the flashover level 
for a selected design and insulating material.  
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This chapter describes how ESDD, NSDD, leakage conductance, and surface 
conductance were investigated on 11kV silicone rubber insulators adopting 
conventional plain and textured surfaces. All these techniques have been applied 
for the first time on the novel design with texture surfaces. Each insulator was 
artificially polluted using the solid layer method and then tested within 24 hours of 
the pollutant being applied. The conductance measurements were performed by 
measuring the voltage at the terminals of a shunt resistor in series with the 
insulator subjected to a low magnitude AC voltage. The tests were repeated 
under different fog conditions and for a wide range of artificial pollution levels, 
with high voltage and fog applied simultaneously. The selection of voltage level 
below   300 V made possible the recording of the pollution layer conductance 
without the presence of dry-band or arcing. In addition, localised conductance 
measurements were performed using a conductance meter with a probe built as 
described in section 3.5.1. Localized measurements were performed alongside 
the layer conductance measurements at selected times after the start of the test. 
In conjunction with the full layer conductance measurements, the readings help to 
characterize fully the variation trends of conductance and its distribution on the 
insulator surface. This contributes to a better understanding of the FOV 
performance of a textured design when compared with conventional insulators. 
5.2. Equivalent Salt Deposit Density (ESDD) and Non-Soluble 
Deposit Density (NSDD) evaluation 
Measuring the ESDD and NSDD on insulator surfaces is very important              
to determine the degree of pollution severity. In addition, these measurements 
can provide useful information to identify the required creepage distance for the 
insulator to be selected. For this reason, it is important to consider the procedure 
and technique for measuring the ESDD and NSDD parameters on different 
polymeric insulator designs. 
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5.2.1. The requirements to measure the pollution severity degree 
Based on the IEC standard 60815 [3-2], the following equipment is essential for 
measuring ESDD and NSDD parameters using a swab technique method: 
 distilled water    
 vinyl gloves 
 cling film 
 thermometer 
 conductivity meter 
 filter paper (GF/A 1.6 µm) 
 funnel 
 cotton/brush/ sponge 
 weight scale 
 labelled container 
 washing bowl 
 drying oven 
 cylinder
 
5.2.2. Application and removal of pollution layer 
Silicone rubber rectangular samples as specified in IEC 60587 and 4-shed 
insulators with both smooth conventional surfaces and textured patterns were 
polluted as described in section 3.7.2 [4-3]. The contaminating suspension 
consisted of kaolin (40 g), tap water (1 l), Triton X-100 wetting agent (1g), and     
a suitable amount of sodium chloride to attain the required volume-conductivity 
values (2.9, 4, 8, 11.2 and 20 S/m) [5-6]. The ESDD and NSDD parameters were 
evaluated according to the procedure detailed in section 3.6. The ESDD values 
were calculated from the volume conductivity of the solution resulting from 
washing the insulator with demineralized water, as shown in Figure 5-1. The 
solution temperature was recorded using a thermometer with a precision of       
0.1 °C. Each solution, resulting from the cleaning process, was then filtered using 
a funnel with vacuum aspiration and pre-dried; then the filter paper (GF/A 1.6 µm) 
was weighed. A precision scale with an error of less than 0.2 mg was used; the 
process stages for measuring NSDD are illustrated in Figure 5-2. 
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The pollution layer was removed using a clean brush and a selected amount      
of demineralised water (100-300 cm3). Since metal fittings were present, they 
were covered with cling film before the removal of the pollution layer and were 
not taken into account in the evaluation area. Vinyl gloves were used to avoid 
contamination and were cleaned with distilled water at the end of any operation                        
on each sample. 
 
Figure 5-1: Swabbing of the pollutant on insulator surface [3-2]. 
 
 
 
                                                                       
 
              
Figure 5-2: Procedure for measuring non- soluble deposit density (NSDD).   
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5.2.3. Equivalent Salt Deposit Density (ESDD) on rectangular plain 
samples 
Ten rectangular samples (120 mm × 50 mm × 6 mm) with smooth (CONV) and 
textured (TXT) surfaces were tested, as shown in Figure 5-3. All the samples 
were moulded using an in-house facility, consisting of a vacuum casting machine 
and metal moulds. Two different commercial room temperature vulcanized (RTV) 
silicone rubbers (type A and type B) were adopted for the sample moulding. 
Seven of them had textured surfaces, with either a 2, 4 or 6 mm square pattern 
(TXT2, TXT4 and TXT 6 respectively) [3-5]. 
 
Figure 5-3: Rectangular samples with flat (left) and textured (right) surfaces. 
The samples were polluted using the dipping technique into slurry preparations 
with volume conductivity equal to 4, 8 and 11.2 S/m. Each sample was dipped 
horizontally five times and then carefully placed to dry horizontally in order          
to maintain the maximum amount of pollutant solution on the surface; only the 
ESDD values of the top surfaces were evaluated. Figure 5-4 shows the 
correspondence between suspension pollution conductivity and ESDD for        
the rectangular samples. 
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It is worth noting that the conventional samples and samples with small dimple 
sizes (TXT2 and TXT4) showed an ESDD higher than that of the TXT6 samples. 
The ESDD value of the CONV sample is approximately three times higher than 
that of the TXT6 sample at volume conductivities of 4 S/m, 8 S/m and 11.2 S/m. 
The ESDD value of the CONV surface at 4 S/m is about 1.6 mg/cm2 while with 
the TXT6 design is only 0.5 mg/cm2.  For TXT2 and TXT4 samples, the ESDD 
values measured at 8 S/m are respectively 1.3 mg/cm2 and 1.2 mg/cm2 while with 
the TXT6 design, the ESDD measurement is 0.85 mg/cm2. The same trend of 
those measurements is also observed at the volume conductivity of 11.2 S/m. 
The deposition values shown in Figure 5-4 suggest a reduced deposition with the 
increase in dimple radius by 6 mm. The pollution slurry was found to deposit 
more readily in the grooves then on the rests of the dimples, with the pollutant 
film layer breaking and running away from the surface into the grooves. In fact, 
on the smooth-surface conventional samples, the thickness of the film liquid was 
visibly higher than on textured samples and, therefore, a higher quantity of salt 
was deposited. This observation could explain the reduced pollution deposition 
on the textured samples with texture [5-12]. 
 
Figure 5-4: ESDD on rectangular samples versus pollutant suspension 
conductivity.  
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5.2.4. Equivalent Salt Deposit Density (ESDD) on 4-shed insulators 
A modified version of the IEC 60507 solid layer method was applied to several   
4-shed insulators with smooth conventional surfaces (CONV) and with textured 
patterns either on the trunk (TT) or on the trunk and shed surfaces (TTS),          
as described in section 3.3.Table 5-1 shows the specifications of the insulator 
design; two different commercial RTV silicone rubbers, type A and type B, were 
selected for the insulator moulding. Initial hydrophobicity analysis showed that 
material A presented a lower degree of hydrophobicity than did material B. 
 
Design 
Creepage  
distance 
(mm) 
No of  
sheds 
Trunk 
diameter 
(mm) 
CONV  
 TT  
 TTS 
375  
471 
503 
4 28 
Four conventional insulators were moulded using both materials. After a few 
days, the insulators were washed with hot water and polluted with a suspension 
made with kaolin (40 g), wetting agent (1 g), and selected amounts of NaCl as 
shown in Table 5-2 in order to obtain volume conductivity values equal to 2.9, 
4.0, 8.2, 11.2 and 20 S/m. 
Sodium chloride (NaCl)  
(mg) 
Volume conductivity 
 (S/m) 
48 2.9 
126 4 
252 8.2 
366 11.2 
684 20 
 
Table 5-1: SiR insulator specifications 
Table 5-2: The amount of NaCl requires for pollutant suspension conductivity  
 120 
 
The salt deposit densities resulting from the average of several tests for               
a conventional design are shown in Figure 5-5. The two materials presented very 
close ESDD values, e.g. the ESDD value of the material A and B at volume 
conductivity 8.2 S/m is respectively around 0.42 and 0.418, thus confirming that 
the use of the wetting agent is sufficient to remove completely, but it only affects 
temporarily the hydrophobic properties of the materials. The trend is not linear, 
with the maximum conductivity value occurring close to the saturation point for 
NaCl solubility [5-12]. 
 
Figure 5-5: ESDD values for conventional insulators of material A (in blue) and 
material B (in red) versus conductivity of the pollutant suspension applied.  
The comparative ESDD evaluation was extended to all the insulator designs as 
this study required a considerable number of evaluations in order to achieve 
good statistical margins. All the textured insulators showed very similar ESDD 
values to those of the conventional design, as shown in Figure 5-6. Only for the 
severe pollution level (20 S/m) was a small ESDD increase recorded for all the 
textured insulators. 
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Figure 5-6: ESDD values for all insulator designs versus pollutant suspension 
conductivity applied. 
It is interesting to note that the TTS4 (in green) showed a consistently higher 
value than the other designs, e.g. the ESDD value for TTS4, CONV and TTS6 
designs at the volume conductivity of 8.2 S/m are 0.46 mg/cm2, 0.41 mg/cm2 and      
0.35 mg/cm2 respectively. The same trend of those results is also obtained at      
the volume conductivities of 4 S/m and 11.2 S/m. Water film retention varies 
according to texture size, and this plays a significant role in reducing the pollutant 
accumulation on rectangular samples. For this reason, TT6 and TTS6 insulators 
showed a consistently lower value in comparison with TT4 and the conventional 
designs. 
The NSDD evaluation showed a value equal to ± 0.20 mg/cm² for all the designs, 
showing that texturing the insulator surfaces had no effect on inert material 
accumulation. 
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5.3.  Leakage conductance evaluation tests under AC and DC 
voltages 
In service, insulators are exposed to several types of contaminants that can 
cause the formation of a significant pollution layer. This layer is involved             
in significant leakage current when exposed to wet weather conditions.               
In particular, it can experience fog density in the range of 0.01 to 0.3 g/m3 under 
normal operation. The fog chamber in the high voltage laboratory processes fog 
densities that are significantly higher (usually 1-3 g/m3) [5-7]. Therefore,           
the wetting process in a fog chamber is faster than in actual service. 
The leakage layer conductance was evaluated using AC and DC low voltage 
sources on conventional and textured insulators that were artificially polluted. The 
leakage conductance was evaluated under different fog conditions and artificial 
pollution levels in order to identify any impact of texturing. 
5.3.1. Fog density 
A uniform fog was produced inside a polypropylene chamber (2m x 2m x 3m) 
using two pairs of cold-water spray nozzles, located at opposite corners,            
as described in paragraph 3.7.3. The fog generation was controlled by the 
selection of controlled air pressure and water flow rate. The air pressure selected 
for these tests was 40-45 psi, and the water flow rate was in the range 3 to 8 l/h. 
The water tank was pre-filled with tap water and was allowed to reach thermal 
equilibrium with the laboratory environment. The injected water was at the same 
temperature as the air, and no external heating was provided during the test; 
therefore, the fog formation could be assumed to be adiabatic. The amount        
of water that needed to be injected into the chamber to establish fog is a function 
of the initial state of the air inside the chamber given by Equation (5-1): 
 
 123 
 
mw = VolChamber ∙ ρ ∙ (xss − xlab) … … . . (5­1) 
where 
mw is the amount of water (kg); 
Vol Ch is the volume of the fog chamber (m
3); 
𝜌 is the dry air density;  
xss is a specific humidity of air at the oversaturation condition (kg/kg);      
xlab  is a specific humidity of air at the initial laboratory conditions (kg/kg). 
The laboratory conditions, with the ambient temperature of 20 °C and relative 
humidity (RH) 70%, gave a specific humidity equal to 0.010 kg/kg in the 
psychrometric chart; the corresponding oversaturated condition (xss) was equal   
to 0.0114 kg/kg. Therefore, the fog density achieved was equal to 1.5 g/m3. It is 
possible to predict the temperature drop due to the fog formation to 17 °C inside 
the chamber, and this was confirmed by infrared temperature measurements 
during the tests. 
5.3.2. Wetting process 
In fog tests, the wetting accumulation is due to condensation, adsorption, and the 
collisions of water droplets encroaching on the insulator surface. In these cold-fog 
tests, there is no contribution by condensation since the fog temperature is never 
higher than that of the insulator surface. Therefore, the wetting is only by           
the adsorption and collision contributions.  
The adsorption of water by NaCl in the pollution layer from the humid air can start 
when the relative humidity (RH) is equal to or over 75% [5-8]. However, this is       
a slow process, and as soon as the selected fog density is reached, the wetting is 
mainly due to the water drops colliding with the insulator. From the visual video 
records, it is possible to identify the time when the maximum fog density is 
reached. These show 4 min 30 s and 1 min 40 s for 3 and 8 l/h water flow 
respectively. 
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It was found that the pollution layer presents an initially high hydrophobicity      
due to the low molecular weight (LMW) silicone chains [5-9, 5-10, 5-11].        
Then, when the fog starts, the water accumulates on the surface as individual 
droplets, without forming a continuous water film, but is sufficient to increase the 
layer conductance. Additional wetting during the test will create continuous water 
film areas, mainly on the shed, as shown in Figure 5-7.  
 
Figure 5-7: Wetting on TTS6 insulators. 
Quantities of NaCl will dissolve in the surface water film areas, leading to an even 
higher conductance value. After reaching the maximum conductance value,      
the additional wetting will start to wash away some salt. The excess water 
accumulated on the surface will flow off the insulator, washing away some salt 
and, hence, lowering the conductance value over time. 
For the tests performed in the fog chamber facility, four plastic containers         
(12 cm diameter) were placed on the floor close to the insulator at four locations, 
as illustrated in Figure 5-8. These measurements permit monitoring of the 
amount of water collected and verify the fog uniformity. 
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Figure 5-8: Verifying the fog uniformity in the fog chamber tests. 
The water accumulation rate per unit area is 54 mg/s/m2 for a water flow rate     
of 3 l/h. Each container produced a similar weight of collected water, confirming 
the good uniformity within the insulator location. 
5.3.3. AC and DC leakage conductance evolutions 
Leakage conductance variation was monitored using a shunt resistor placed 
between the insulator ground terminal and the laboratory earth point. The applied 
voltage and leakage current waveforms were recorded using a computerised 
data acquisition system (DAQ).  
In the first series of tests, the leakage current of a conventional insulator was 
recorded during the application of a low voltage AC source (200 V) and fog 
generation simultaneously. Figure 5-9 shows the temporal variation of the 
leakage current flowing in the wet pollution layer (ESDD 0.21 mg/cm2) for a water 
flow rate of 3 l/h and 8 l/h. The maximum conductance value was around 0.7 µS 
for both flow rates. The graph shows that the leakage current variation is             
a function of the water flow rate settings. Higher flow rates will increase the speed 
of wetting, and the conductance layer will reach the maximum value quicker. 
(1) 
(2) 
(3) 
(4) 
Plastic 
container 
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Figure 5-9: AC leakage current of a conventional insulator versus applied fog time; 
ESDD 0.21 mg/cm
2
. 
The second series of AC tests recorded the changes in leakage conductance 
with the times for plain and textured surfaces. Figure 5-10 shows the 
conductance change for insulators with ESDD 0.21 mg/cm2 and a flow rate         
of 4 l/h. The maximum conductance was approximately 1 µS for both designs 
and reached with the same exposure time to fog. 
 
Figure 5-10: AC leakage current for ESDD 0.21 mg/cm
2
: conventional (CONV) and 
texture (TTS6). 
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The initial trend suggests that the layer conductance is a function of the wetting 
rate and depends on the type of surface. In fact, as was observed in the 
rectangular sample tests, the water film tends to flow away from the top of the 
dimples towards the grooves. In this particular case, the trunk surface is vertical. 
Therefore, any excess of water flows over the film, formed by the mix of LMW 
silicone chains and the wet pollution layer, towards the top surface of the shed 
below. The accumulated NaCl and kaolin in the groove takes a longer time         
to become fully wet compared with the conventional surface. 
If a very high ESDD value (1.20 mg/cm2) is present on the insulator surface, 
different conductance trends for conventional and textured designs are observed, 
as shown in Figure 5-11. 
 
Figure 5- 11: AC leakage current for ESDD 1.20 mg/cm
2
: conventional (CONV) and 
texture (TTS6). 
Figures 5-10 and 5-11 show the wetting delay on textured insulators is clearly 
enhanced in comparison with conventional surfaces. In addition, the wetting of 
the textured surface is more delayed when the pollution is higher. This effect is 
very convenient, offering a higher margin in the real service. 
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The DC test series, using a voltage of 320 V, confirmed the slower response time 
of a textured insulator compared with a conventional one, as illustrated               
in Figure 5-12. The leakage conductance variation is very similar to the test 
performed using the low voltage AC source.  
Once the full wetting is achieved, the maximum conductance value was reached. 
After the peak, water droplets with a larger radius started to form and to slide    
on the surface falling off the insulator, gradually washing the pollution layer from 
the surface. The two designs were subjected to the same rate of washing.           
This confirms the importance of the correct selection of the wetting rate and     
the limited time window for the flashover tests. 
 
Figure 5-12: DC leakage current for ESDD 0.21 mg/cm
2
: conventional (CONV) and 
texture (TTS6). 
5.4. Surface conductance evaluation tests 
5.4.1. Test procedure 
During the artificial pollution test, the pollution layer is often assumed to be 
uniform over the entire surface of the insulator. In order to verify this assumption, 
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the surface conductance of different areas of the insulator surface was 
measured. The measurement was extended to all the designs. A low voltage AC 
of 200 V was applied during the test in order to avoid any temperature increase of 
the pollution layer and any dry band formation. The test was used suspension of 
salinity with volume conductivity 4 S/m and a fog rate of 3 l/h. 
The localized conductance measurements were evaluated using a conductance 
meter with two spherical probes built as described in section 3.5.1. Several 
locations on the insulator surface were analysed. The localized measurements 
were evaluated at selected times after the start of the test. This evaluation helps 
to explain and identify possible trends of the conductance during fog exposure 
and its distribution on each insulator surface. 
5.4.2. Test results and discussion 
Figures 5-13 and 5-14 show the surface conductance values on the shed and 
trunk areas of conventional and textured insulators. The values shown are an 
average of several measurements recorded (i) at peak time and (ii) after one hour 
of fog exposure on the upper shed surface (USS), lower-shed surface (LSS), and 
trunk (Tr). In the graphs, the washing effect has been made more visible, 
highlighted as red areas, and calculated as the differences between the 
maximum conductance values, which were obtained within a period of               
20 minutes to 25 minutes and the measurements at the end of the full period 
(one hour) tests. The washing effects of textured and conventional insulators 
were quite similar, thus confirming the leakage conductance trends following the 
peak values, as described previously in Section 5.3.3. An average variation of          
10-20 µS was recorded for both designs on the upper shed surface (USS). As 
expected, the washing effect was reduced on the lower shed surface (LSS), with 
average reduction of 5-10 µS. 
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Figure 5-13: Surface conductance measurements on sheds and trunk of 
conventional insulators at peak time (red) and after 1 hour-test (white). 
 
Figure 5-14: Surface conductance measurements on sheds and trunk of textured 
insulators at peak time (red) and after 1 hour-test (white). 
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It is quite clear on both graphs that the washing is not uniformly distributed along 
the insulator surface. The surface conductance values on the trunk surface (Tr) 
after one hour test are in both designs in the range of 20-30 µS. For this reason, 
a textured insulator in service will experience effective washing as on 
conventional design. 
5.5. Conclusion 
An investigation of the artificial pollution layer characterisation on conventional 
insulators and for the first time on the textured silicone rubber insulators has been 
described in this chapter. Based on the clean fog testing method, several tests 
were carried out to evaluate the changing behaviour of the insulator surfaces 
under different conditions. ESDD and NSDD parameters were quantified for 
different materials, and each design was evaluated. For leakage conductance 
measurements, the variation trend for each insulator profile was determined and 
the distribution trends of surface conductance were characterised. 
The conclusion of this chapter may be summarized as follows: 
 For ESDD evaluation on rectangular samples, textured surfaces do not 
significantly increase the accumulation of pollutant. This evaluation was 
performed with an artificial layer, and the increase in dimple size (6 mm) 
was shown to reduce the pollutant deposition on textured surfaces. 
 The ESDD values obtained for the TXT6 rectangular sample were three 
times lower than that values measured for the CONV sample at the 
volume conductivities of 4 S/m, 8 S/m and 11.2 S/m. 
 For ESDD evaluation on 4-shed insulators, the two materials of silicone 
rubber insulation exhibited very similar ESDD values due to the          
Triton X-100  wetting agent temporarily removing the hydrophobicity 
properties. 
 132 
 
 In 4-shed insulators, the textured design has shown comparable ESDD 
value with the conventional profile. 
 The maximum leakage conductance of the tested insulators was 
measured, and an interesting trend of the layer conductance was 
observed with textured profiles under both AC and DC voltages. This 
trend showed that the wetting delay of the textured surface is enhanced 
and more delayed was observed when the pollution level is higher. This 
effect is very useful offering a greater margin in the real service. 
 For textured designs, the leakage current growth is limited to                    
a significantly slower rate than for conventional designs. In service, the 
wetting rate of fog is much lower than in the laboratory, and the delay in 
leakage current formation identified in the tests could be very valuable for 
textured design application. 
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PERFORMANCE OF ARTIFICIALLY POLLUTED SILICONE CHAPTER 6: 
RUBBER POLYMERIC INSULATORS USING THE CLEAN FOG CHAMBER 
FACILITY 
6.1. Introduction 
SiR outdoor insulators are an attractive option for use in HVAC and HVDC power 
lines [6-1]. Polymeric insulators offer superior flexibility during the design, which 
means they can be moulded into any size and shape [6-2]. However, polymeric 
insulators are known to exhibit weaknesses following heavy surface discharges 
and exposure to other chemicals and UV radiation, such as a loss of 
hydrophobicity, the formation of tracks, surface erosion during electrical 
discharge and degradation due to corona activities and flashover events. 
Therefore, their long-term endurance has been a subject of concern over the last 
three decades. Many studies have been conducted in laboratories and field test 
stations to understand the aging performance of polymeric insulators used in 
outdoor applications. 
In this chapter, the results of clean fog tests based on the solid layer method are 
presented.  For test purposes, different designs of SiR insulator were prepared   
in the laboratory using casting techniques as described in section 3.4.2 and used 
in these tests. The flashover performance of conventional and textured            
SiR insulators was investigated. The effect of the wetting rate and the pollution 
severity degree were also quantified. In addition, a comparative long term test of 
different insulator profiles when energised by alternating and positive direct 
voltages under artificial pollution conditions was explored.  
Both voltage and leakage current measurements were recorded using                 
the LabVIEW data acquisition system. The stored data were then processed            
to calculate other significant parameters of the test results. Visual and thermal 
cameras were also employed to monitor the test insulator during the test time and 
to inspect any feature of degradation on its surface. 
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6.2. High voltage tests 
Since the performance of SiR insulators has not been fully understood, the 
extensive tests discussed in this chapter aimed to offer a better understanding of 
the performance of SiR insulators. Various designs of SiR insulators, including 
conventional and textured profiles, were subjected to the following tests: 
 clean insulator fog test 
 high voltage flashover tests with ramp control under different pollution 
conditions, based on tests described [2-81] 
 clean-fog tests with a voltage source of 12 kV AC based on a modified 
version of IEC 60507 solid layer method 
 clean-fog tests with a voltage source of 12 kV positive DC based               
on a modified version of IEC 60507 solid layer method 
The performance of tested insulators may be well characterised if they are 
assessed over the same range of test conditions, such as voltage stress, 
pollution severity level, water conductivity and wetting rate. Several parameters 
were measured to provide any features of aging or surface degradation such as 
leakage current measurements, FOV levels, accumulated energy and visual    
and IR observations. 
6.3. Clean insulator fog test 
The main purpose of this test was to evaluate the performance of a clean SiR 
insulator under fog conditions and compare it with the performance of the same 
profile under the solid layer method. As this was a preliminary test, non-standard 
procedures were followed. The applied fog rate was 8 litres/hour at an air 
pressure of 35 psi. As shown in Figure 6.1, a voltage of 0.87 kV was applied        
to the insulator for 18 minutes. After that, the test voltage was increased 
gradually at steps of 4 kV up to 43 kV whereupon the supply voltage was 
switched off to avoid flashover.  
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Figure 6-1: Voltage RMS and leakage current RMS records during a clean SiR 
insulator fog-test. 
The insulator has shown a lower leakage current value, and no discharge 
activities or actual flashover events were observed below 40 kV. However, above 
40 kV, significant discharge activities were noticed and revealed by visual 
records, as illustrated in Figure 6.2. 
 
Figure 6-2: Visual records of a clean SiR insulator at 42 kV. 
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For polluted insulators, a pollution layer is deposited on the insulator surface. 
When the polluted surface is wetted due to fog or rain, a conducting layer            
is formed and the leakage current passes over the surface. After several stages, 
this leakage current may ultimately lead to flashover, as will be explained            
in the next section. 
6.4. High voltage flashover tests with ramp control under different 
pollution conditions 
The flashover phenomenon is one of the most complex problems observed        
in high voltage outdoor insulators. This phenomenon occurs due to several 
reasons, such as diverse pollution severity in different environments, non-uniform 
pollution distribution along the insulator surface and the difficulties of modelling 
the complex form of the insulator [6-3]. 
Under harsh environmental conditions, where the surface of the polluted insulator 
is affected by dew and mist deposition as well as fog and/or rain, a film of water is 
formed and the leakage current flows through the surface. The leakage current 
begins to dry the pollution layer on the insulator surface, and this leads to dry 
band formation. Continued wetting accompanied by dry band formation creates 
partial arcs. These arcs extend along the insulator profile and may eventually 
cause the flashover event [6-3]. In this way, the performance of a polluted 
insulator may be characterised by the FOV and the flashover current. In general, 
the progression of the pollution flashover event may be processed into five main 
stages:  
i. build-up of the conductive layer 
ii. dry-band formation 
iii. partial arcing 
iv. arc extension on the surface 
v. eventual arc expansion to the entire insulator followed by flashover [6-4] 
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In Chapter 5, the influence of the surface layer conductance on the flashover 
level for a selected design was determined. This was very important since the 
controlled of the increasing the layer conductance could be reduced significantly 
the flashover voltage. In this chapter, a comparative study between the flashover 
performance of conventional and textured SiR insulators is conducted. The 
effects of several factors (pollution severity, wetting rate and insulator shape) are 
investigated. 
6.4.1. Test classification 
High voltage tests were conducted to explore the flashover performance of 11kV 
SiR polymeric insulators. These tests were carried out on different insulator 
designs under various pollution conditions, as illustrated in Figure 6-3. 
 
 High Voltage Flashover Tests 
 
    
 
 
 
 
 
 
 
 
 
 
 
Figure 6-3: High voltage flashover tests 
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6.4.2. Test techniques  
The technique of a high voltage ramp test was carried out as proposed by 
colleagues in the research group [2-81]. The rate of the increase of the actual test 
voltage was 4 kV/minute. This rate was sufficient to cause a flashover event 
within 5 to 10 minutes. The voltage supply was interrupted immediately by the 
circuit breaker at the instant of the flashover event (over-current protection). 
The procedure of high voltage flashover ramp test can be summarized as follows: 
1. Conventional and textured SiR insulators were tested in the fog chamber 
at the same pollution severity level. 
2. At the beginning of the test, a minimum voltage of 0.87 kV was initiated 
using a Hipotronics AC system, after which, the voltage was controlled by 
a program to follow a predetermined voltage ramp of 4 kV/minute.     
3. The fog generation in the chamber room was started simultaneously with 
the application of the test voltage and was kept running until the 
termination of the test. 
4. At the instant of the flashover event, the circuit breaker interrupted the 
voltage supply. 
5. The test insulator was then left to cool down for 5 minutes, after which     
a new ramp test was initiated until the required number of FOVs was 
achieved. 
6. The RMS voltage was viewed on a digital display control panel and the 
voltage waveform was recorded through an RC-divider. The current 
measurement and protection consisted of a leakage current measurement 
(shunt resistor) within parallel branches of back-to-back high power Zener 
and Schottky diodes and a gas discharge tube, which together 
suppressed any overvoltage that could occur, and it protected the data 
acquisition card (DAQ). 
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7. The data acquisition system monitored and recorded the voltage and 
leakage current waveforms using a developed LabVIEW program           
on a personal computer. 
8. During the ramp test, the infrared and video cameras were triggered        
to investigate any flashover actions and discharge activities on              
the insulator surfaces.  
9. After the termination of the test, the insulator was cleaned thoroughly and 
left for at least for 24 hours to get full recovery of its hydrophobicity. Then, 
the insulator was re-polluted to be ready for the new test.  
6.4.3. Flashover performance of tested insulators 
For the flashover series tests, the voltage was applied at a fixed rate of increase 
(4kV/min) until an FOV event occurred. For each test series, the polluted 
insulator was subjected to a number of sequential ramps consisting of between   
4 and 12 flashovers. The longer number of ramps was conducted to investigate 
the influence of layer wetting and pollution reduction on the FOV. Figure 6-4, 
shows the mean curve of 4 ramp test series for a CONV SiR insulator used 
suspension of salinity with volume conductivity 11.2 S/m and a fog rate of 8 l/h. 
 
Figure 6-4: Mean FOV curve of 4 ramp voltage test series for a conventional SiR 
insulator. Each ramp test series consisted of 12 flashovers. 
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Each ramp voltage test series consisted of 12 flashovers. The flashover voltage 
gradually increases from 26 kV for each series test reaching to 45 kV at the 12th 
flashover shot. However, from the 8th flashover, the curves become more stable 
and the flashover voltage remained constant in the level of 45 kV.  
The trend of the mean curve shows that the insulator is most susceptible at the 
first flashover shot where the lowest FOV is noticed, the pollution layer is entirely 
wet and the resistance minimum. For the following flashover shots, the flashover 
voltage level was steadily increased due to the washing effect on the pollution 
layer of the insulator surface. From the 8th until the 12th flashover shots, a 
considerable amount of the pollution layer was removed due to the prolonged 
exposure to the fog.  
For this reason, only the early flashover events were considered for evaluating 
the flashover performance. The first four flashovers are very important as they 
simulate the service line conditions where a contaminated insulator is gradually 
wetted by an early morning fog. The FOV results reported in Table 6-1 were all 
obtained as the mean value from the first four flashovers.  
Several difficulties were encountered when measuring the FOV on hydrophobic 
surfaces like SiR. These difficulties were caused by variations in the fog 
temperature, air density, and pollution layer status and, therefore, may have 
affected the test conditions.  
Despite that variability, good reproducibility was achieved on the FOV results. 
The FOV dependency on the pollution severity level (ESDD) is quantified as will 
be clarified in the next section. The influence of SiR profiles and wetting rate on 
the mean FOV are also performed.  
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Test conditions 
Insulator 
profile 
Number 
of  test  
series 
Total 
number of 
flashovers 
Mean 
flashover 
voltage 
(kV) 
Standard 
deviations 
FOV level 
improvement 
compared 
with CONV 
 
Severe pollution 
 (1.15 mg/cm²) 
lower fog rate  
(4 l/h) 
 
CONV 
         
2 
 
8 
 
25.8 
 
3.2 
 
-------- 
 
TTS4 
        
2 
 
8 
 
27.5 
 
3.3 
 
6 % 
 
TT6 
       
1 
 
4 
 
27.6 
 
2 
 
6 % 
Severe pollution 
(1.15 mg/cm²) 
higher fog rate  
(9 l/h) 
 
CONV 
         
4 
 
16 
 
31.7 
 
4.3 
 
-------- 
 
TTS4 
       
4 
 
16 
 
34.5 
 
4.3 
 
8 % 
High pollution  
(0.64 mg/cm²) 
lower fog rate  
(4 l/h) 
 
CONV 
          
3 
 
12 
 
26.4 
 
6.6 
 
------- 
 
TT6 
        
3 
 
12 
 
30.6 
 
2.5 
 
14 % 
High pollution  
(0.64 mg/cm²) 
moderate fog rate   
(7 l/h) 
 
CONV 
         
4 
 
16 
 
31.6 
 
7 
 
-------- 
 
TT6 
       
3 
 
12 
 
33.2 
 
9 
 
5 % 
High pollution  
(0.64 mg/cm²) 
higher fog rate  
(9 l/h) 
 
CONV 
       
4 
 
16 
 
32.4 
 
8 
 
------- 
 
TT6 
         
4 
 
16 
 
34.0 
 
9.2 
 
5 % 
Lower pollution 
 (0.21 mg/cm²)       
 lower fog rate 
 (4 l/h) 
 
CONV 
          
2 
 
8 
 
33.7 
 
2.5 
 
------ 
 
TT6 
          
2 
 
4 
 
40.0 
 
5.7 
 
16 % 
Lower pollution 
 (0.21 mg/cm²)   
higher fog rate  
(9 l/h)      
 
CONV 
         
3 
 
12 
 
40.4 
 
9 
 
------- 
 
TT6 
         
1 
 
4 
 
40.8 
 
2.9 
 
1 % 
Table 6-1: High voltage Flashover tests results  
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For all insulators, the results showed that the textured insulator designs exhibit an 
increased flashover performance compared with conventional non-textured 
insulators. As can be seen in Table 6-1, textured insulators can offer an 
increased FOV performance up to 16 % in the case of the TT6 design compared 
with the average FOV of the conventional insulator under conditions of low 
pollution (0.21 mg/cm2) and low fog rate (4 l/h). The same performance of the 
TT6 design was also observed under higher polluted (0.64 mg/cm2) conditions 
with a lesser improvement of the flashover level reached to 14 %.  
The performance TT6 insulator design under the conditions of the severe 
pollution (1.15 mg/cm2) and lower wetting rate (4 l/h) was significantly decreased 
compared with its performance in the cases of high and low pollution conditions. 
Nonetheless, it still improved the flashover voltage level by 6 % compared with 
the conventional design. This could be indicating to the effectiveness of the 
textured insulator design for improving the FOV performance even under harsh 
ambient conditions. 
6.4.4. The influence of pollution severity level on the flashover of 
SiR insulators 
In order to investigate the influence of the pollution severity level on the FOV, 
several voltage ramp test series were conducted on a CONV SiR insulator. The 
tests used suspensions consisted of kaolin, Triton X-100 and three different 
salinities with volume conductivities of 4, 11.2, and 20 S/m. The higher wetting 
rate of 9 l/h was selected for the tests. Each test series consisted of four 
consecutive flashovers, as illustrated in Figure 6-5, for 0.21, 0.64 and 1.15 
mg/cm2 ESDD levels.  
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It can be seen that the FOV trend for the 0.21 mg/cm2 ESDD level is substantially 
higher if compared with the curves obtained by adopting 0.64 and 1.15 mg/cm2 
ESDD levels; all tests were conducted using the same wetting rate, which was 
equal to 9l/h. The average flashover voltage for the case of 0.21 mg/cm2 was 
approximately 26 % higher than that obtained for the level of 1.15 mg/cm2. This 
flashover voltage was also increased by 20 % compared with that attained under 
the case of 0.64 mg/cm2. The flashover voltage was significantly decreased with 
the increase of the pollution layer conductance that was associated with the 
controlled wetting of the layer. The flashover was found to steadily recover due to 
the pollution layer washing. 
Unlike the case of lower pollution (0.21 mg/cm2), a severely polluted layer     
(1.15 mg/cm2) has an influence on the FOV, and the lowest values of all test 
series were obtained. The average flashover voltage for the 1st flashover shot 
was 27.5 kV whereas, for the case of lower pollution condition, the mean FOV 
was 34 kV. For this case, it was more important to select an appropriate fog rate 
to improve the FOV performance, especially at the severely polluted conditions.  
 
Figure 6-5: Ramp voltage test series for fog rate 9 l/h: effect of pollution severity 
level on FOV. Red curve ESDD 0.21 mg/cm
2
, Green curve 0.64 mg/cm
2
, and Blue 
curve 1.15 mg/cm
2
. 
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6.4.5. Flashover voltage (FOV) variation with salt deposit density 
(ESDD) 
This test was performed on two different SiR insulators with conventional       
non-textured design (CONV) and with textured trunk profile (TT6) at fog rates of   
4 and 9 l/h. The test was carried out using ESDD values of 0.21, 0.64 and      
1.15 mg/cm2. As shown in Figure 6-6, the mean FOV decreases as the pollution 
degree increases and this was revealed in all the ramp tests and with both 
wetting rates. The mean flashover curve for the CONV insulator is consistently 
lower than that of the TT6. The average FOV for the TT6 insulator in the case of 
the lower pollution level (0.21 mg/cm2) and the fog rate of 4 l/h was 40 kV,           
a value 16 % higher than 33.7 kV found for the CONV insulator. For the case of 
the higher pollution condition (0.64 mg/cm2), the average flashover voltage for the 
TT6 insulator was 30.6 kV, 14 % higher than the CONV insulator. These results 
show that the improvement in FOV of the textured design is greater compared 
with the conventional, and this effectively raised the lowest FOV values.  
 
Figure 6-6: FOV variation with ESDD value at fog rates of 4 and 9 l/h using         
CONV and TT6 insulators. 
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6.4.6. The influence of the wetting rate on the flashover of            
SiR insulators 
Two SiR insulator designs with a smooth conventional surface (CONV) and with    
a textured pattern (TT6) were used in this study. The insulators were tested 
under the same polluted condition with ESDD value of 0.64 mg/cm2 and different 
fog rates of 4, 7, and 9 l/h. For each insulator design, a series of three tests was 
conducted, and each test had four flashover ramps. Figure 6-7 shows the 
average FOV value obtained at each ramp event. It can be observed from the 
figure below that the FOV of the CONV insulator under a fog rate of 9 l/h is 9 % 
higher than that value obtained under a low fog rate of 4 l/h. The same trend of 
this growth is also observed for the TT6 insulator and a 30 % increase in the 
flashover voltage is recorded. 
 
 
Figure 6-7: Average FOV of 3 test series for CONV and TT6 SiR insulators: effect     
of wetting rate on FOV. ESDD 0.64 mg/cm
2
. Fog rates 4, 7 and 9 l/h. 
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It can be seen that the FOV level in the case of 4 l/h does not gradually increase 
with the testing time but is characterised by a U-trend. In this trend, the second 
FOV ramp always had the lowest value over the FOV curve. This is because the 
lower fog rate gives sufficient time for wetting the pollution layer completely. Next,    
a stable increase in FOV is observed with subsequent ramps similar to the 
moderate and high fog rate effects. 
Regarding the wetting rate impact on the FOV level, the mean FOV of 32.4 kV 
and 34 kV for CONV and TT6 insulators are greater than those values of 26.4 kV 
and 30.6 kV obtained under the lower fog rate condition. This result gives          
an indication that the average FOV is substantially affected by the higher fog rate 
for both insulator profiles. Furthermore, a greater improvement was gained on   
the mean FOV under textured design. Therefore, it is essential to choose             
a suitable fog rate and an appropriate insulator shape to improve the FOV 
performance of SiR insulators. 
6.4.7. Electrical properties calculated associated with FOV  
The acquired data of the leakage current and voltage applied waveforms were 
processed using the LabVIEW program to calculate the other electrical 
parameters of the test results. These parameters made it possible to characterise 
each insulator profile and obtain useful information.  
Figure 6-8 illustrates the calculated electrical parameters of the root mean square 
(rms) of the applied voltage and leakage current, the average power dissipation, 
and the cumulative dissipated energy of a typical ramp voltage test series 
consisting of five flashover events. The figure shows the derived parameters for 
the first and the second FOV events (ramp 1 and ramp 2) to evaluate                
the behaviour of these properties during a ramp voltage test.  
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Figure 6-8: Ramp 1 and 2 of test series for CONV insulator under conditions of 
ESDD (0.64 mg/cm
2
) and fog rate (7l/h). Ramp 1: FOV 26.96 kV at 303s; Ramp 2: 
FOV  30.76 kV at 407s. 
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As shown in Figure 6-9, the FOV gradually increased from 26.96 kV for the first 
FOV ramp to 30.76, 34.45, 35.91 and 38.63 kV for ramps 2, 3, 4 and 5 
respectively. This growth of the FOV was correlated with the gradual washing off   
of the pollution layer from the insulator surface.  
 
Figure 6-9: Ramp voltage test series for CONV SiR insulator under conditions          
of ESDD (0.64 mg/cm
2
) and fog rate (7 l/h). 
It is clear that the insulator was most susceptible at the first FOV ramp, and this is 
attributed to the complete wetting of the pollution layer and the minimum leakage 
resistance value. For the following ramps, part of the pollution layer was gradually 
removed during the fog test, and earlier FOV events caused heating, both           
of which eventually increased the FOV. 
It can be seen that the pre-flashover leakage current at the early stage of ramp 
tests steadily increased with time as the test voltage increased (Figure 6.8). 
However, it becomes obvious that, for later ramps, where the pollution layer was 
progressively washed off the insulator, the leakage current at a certain level        
of voltage gradually decreased. This confirms an inverse relationship between 
the leakage current and the FOV.  
The average power dissipation in the pre-flashover event was significant. The 
maximum values were obtained in the range between 150 W to 1400 W.         
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This measured power confirms relatively high surface heating. The cumulative 
dissipated energy is much higher for the second ramp compared with the first 
ramp, reaching 1.3 kJ at the end of the test. The result confirms that the pollution 
severity level on the insulator surface increases as the FOV increases. 
Regarding the insulator profile effect on the FOV level, it is clear from Figure 6-10 
that the FOV of the TT6 insulator for ramp 1 (29.29 kV) is significantly higher than 
the first 26.96 kV FOV event, which was attained for the conventional insulator. 
This confirms that the textured profile may improve the FOV performance             
of SiR insulators by 8 %. 
 
 
 
 
 
Figure 6-10: First voltage ramp of test series for CON and TT6 insulators. ESDD 
(0.64 mg/cm
2
); fog rate (7 l/h): CONV: FOV 26.96 kV at 303 s, TT6: FOV 29.29 kV at 
421 s. 
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6.4.8. Visual observations of pre-flashover 
As shown in Figure 6-11, subsequent captures of discharge activities were 
recorded using a digital camera during the flashover ramp test. These activities 
were observed before the flashover event at the voltage level of 34.45 kV.  
    
 
Figure 6-11: Captures images of the conventional insulator during flashover fog 
test at 32 kV: (a) sparks bridging part of insulator trunk (b) bridging of sheds (c) 
small streamer discharges. 
It is clear from the visual images that the insulator was subjected to severe 
discharges activities prior to the FOV event. The sparking bridging part of the 
insulator trunk and the bridging of shed surfaces due to water droplet and 
streamer discharge activities were clearly revealed. It was also noticed that the 
frequency of the spark discharges decreased as the voltage reached the 
flashover event.  
6.5. Performance of silicone rubber polymeric insulators under     
AC and positive DC tests 
Outdoor insulation is continuously exposed to the elements and its performance 
is severely affected by the weather conditions. New anti-dry band designs using 
textured surfaces have been proposed to achieve better performance under 
polluted conditions. This section reports a comparative study of SiR polymeric 
insulators for 11kV systems using artificial pollution tests in accordance with the 
clean-fog test method specified in IEC 60507. A non-textured polymeric insulator 
design was selected and used for comparison with an insulator with a textured 
(a) (b) (c) 
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surface. Both voltage and leakage current signals were measured and digitized 
using a high-resolution data acquisition system. The signals were then processed 
to calculate the other electrical properties of the test results. The rms leakage 
current and the cumulative dissipated energy were selected to allow a direct 
comparison to be made between different insulator designs under AC and 
positive DC voltages. Continuous monitoring of the insulator surface using         
an IR camera was carried out to evaluate the temperature distribution along the 
insulator profile and so identify the formation and location of dry regions             
on the insulator surface. 
6.5.1. Artificial pollution of tested insulators 
SiR insulators with non-textured and textured designs were polluted based on     
a modified procedure of the IEC 60507:2013 solid layer method, as defined in 
section 3.7.2. The pollution suspension consisted of tap water (1l), Triton X-100 
wetting agent (1 g), kaolin (40 g/l) and an adequate amount of sodium chloride 
(366 mg) to achieve a volume conductivity value of 11.2 S/m. This value of 
volume conductivity was chosen as a value that represented heavy pollution 
conditions. The fog generation rate used was equal to 4 l/h. This rate is sufficient 
to achieve the maximum conductance of the pollution layer within 20-40 minutes 
from the instant the fog is applied. The clean insulators were polluted by pouring 
the contamination onto the insulator surface, ensuring the application on all parts     
of the insulator surface. Then, the insulator was left to dry for at least 24 hours. 
The insulator was then mounted in the fog chamber and tested for one hour. 
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6.5.2. HVAC clean-fog test results  
(a) RMS leakage current 
Figure 6-12 shows the typical variations of rms leakage current measured for the 
two insulators. As described earlier, each insulator was tested for one hour.         
The results show that the amplitude of leakage current generally increases with 
testing time for both insulators. However, the leakage current magnitudes are 
greater for the conventional insulator compared with the textured insulator 
reaching to 17 mA at the end of the test. The maximum leakage current recorded 
for the textured insulator is lower than 8 mA. 
 
 
 
 
 
 
Figure 6-12: Typical variations of rms leakage current for conventional and 
textured insulators. 
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(b) Cumulative dissipated energy 
Figure 6-13 illustrates the total cumulative dissipated energy for both insulators 
under AC excitation during the one-hour test. The curve trends for both designs 
are similar. However, the dissipated energy is much higher by 45 % for the 
conventional design compared with the textured insulator, reaching 4 kJ at the 
end of the test. 
 
Figure 6-13: Total cumulative dissipated energy during one-hour test under AC 
energization. 
6.5.3. HVDC clean-fog test results 
(a) Leakage current 
As can be seen in Figure 6-14, the typical variation of leakage current is shown 
for the two insulators. Both insulators showed a significantly high current during 
the test. However, the conventional surface exhibited a higher current than did 
those measured with the textured surface at the beginning of the test.              
This current was relatively higher by 60 % for the conventional insulator and 50 % 
for the textured compared with the rms currents obtained under AC excitation. 
This also gives indication to the seveirty of the DC energisation on the insulator 
compared with the AC. 
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Figure 6-14: Typical variation of leakage current under positive DC excitation. 
(b) Cumulative dissipated energy 
Figure 6-15 shows the total cumulative dissipated energy for the tested insulators 
under positive direct voltage energization for the one-hour test. The trends for 
both insulators are similar. However, the cumulative energy is much higher by     
23 % for conventional insulator compared with the textured insulator, reaching     
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9 kJ at the end of the one-hour test. This result confirms the severity of DC 
energization for both insulator designs compared with the AC energization. 
 
 
Figure 6-15: Total cumulative dissipated energy during 1-hour test under positive 
DC energization. 
6.5.4. Visual appearance and infrared (IR) observations 
Thermal and visual video records were obtained in order to investigate any 
indications of aging on the surface of the tested insulators.  Figure 6-16 shows    
a visible image with an infrared record and temperature distribution along the 
surface profile when a 12 kV voltage is applied to both insulators. 
It is clear from the IR captures that the higher temperature was measured on the 
conventional insulator. The IR record clearly reveals a dry-band formation at the 
shank region of the conventional surface. The surface temperature profile along 
the insulator length indicates that the dry-band region was characterised by 
higher temperature, which reached approximately 31°C. The non-linear 
conduction behaviour seen on the leakage current over the wet pollution layer 
was caused by heating due to local power dissipation and drying on the insulator 
surface. This drying led to dry-band formation on the shank region and expanded 
until it formed a ring shape, which interrupted the pollution layer conduction. 
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When the voltage across the dry-band surface was high enough, long discharges 
were visible, bridging long sections of the insulator creepage length.   
 
 
 
 
Figure 6-16: Visible image, infrared record and temperature distribution along the 
surface profile. 
In the case of a textured insulator, the discharge activity was limited and the 
surface temperature profile along the insulator was relatively lower compared 
with the conventional and the highest temperature reached was 21°C. At the end 
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were detected. As shown in Figure 6-17, surface tracking on the moulding seam 
of the insulator trunk could be seen. It is well known that tracking on the moulding 
line can cause substantial damage to a polymeric insulator under severe 
conditions. In addition, tracking on the surface near both energized and ground 
ends was also observed. The occurrence of such tracking may have been driven 
by the local high electric field stress. 
    
 
Figure 6-17: The Visual appearance of tested insulators. 
6.6. Conclusion 
The flashover performance of SiR insulators using clean fog tests based on       
the modified solid layer method was investigated. An extensive series of high 
voltage ramp tests under different conditions was performed to investigate the 
influence of the pollution severity level, wetting rate and insulator profiles on the 
flashover performance of SiR insulators. For the same wetting rate and insulator 
design, severely polluted layer has an influence on the FOV and 26 % decrease 
in the FOV level was found by increasing the pollution severity degree to the   
1.15 mg/cm2.  
For a similar pollution severity level, the mean FOV was substantially increased 
by increasing the fog flow rate for both insulator designs. An inverse relationship 
between the flashover voltage and the layer conductance is confirmed and 
revealed by the U-trend variation of the flashover. The flashover voltage was 
(a) Tracking and erosion on 
moulding line 
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significantly decreased with the increase of the pollution layer conductance, 
which was associated with the controlled wetting of the layer. The flashover 
voltage was found to progressively recover due to the pollution layer washing.  
The flashover performance of the conventional non-textured insulators and 
textured insulators with different designs were investigated. Textured trunk with   
6 mm designs (TT6) showed an improvement of the flashover performance which 
could reach 16 % compared with the conventional insulator. The same 
performance of this design (TT6) was also achieved under higher polluted 
conditions with a lesser improvement of the flashover voltage reaching 14 %. The 
performance of TT6 design under the severe condition was significantly reduced. 
It showed a lesser improvement, up to 6 %. 
Current records and the electrical properties of the SiR insulator showed that the 
insulator was most vulnerable to the flashovers at the first ramps. This was 
attributed to the fully wetting of the pollution layer and the lowest leakage 
resistance value. For the subsequent ramps, the FOV was gradually increased 
due to the washing effect of the pollution layer and the heating caused by the 
former FOVs. This results also showed that the pre-flashover leakage current,    
at a certain level of voltage, steadily decreased as the FOV increased, which this 
confirms an inverse relationship between the leakage current and the flashover 
voltage. 
Under AC energization, both leakage current and cumulative energy for 
conventional insulators were higher compared with textured insulators. The 
highest amplitude of the leakage current recorded for the conventional design 
was two times greater than that obtained on the textured. The cumulative 
dissipated energy was 45 % higher for conventional insulator than the textured. 
In addition, for both conventional and textured designs, the dissipated energy 
was approximately two times greater for 12 kV positive DC compared with         
 159 
 
12 kV rms AC. This result confirms the severity of positive DC energisation 
compared with the AC energisation.  
For each test, conventional insulator showed regular dry-band formation in the 
shank region, but this was not always observed for the textured insulator.  
Texture design was also exhibited very little evidence of discharge activities and 
lower surface temperature than the conventional. The other observation from the 
AC and DC tests was that surface degradation, including tracking and erosion, 
was more severe in the case of the conventional insulator design. This work 
showed that textured insulator designs can improve the performance of SiR 
polymeric insulators under AC and positive DC energisations. 
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GENERAL DISCUSSIONS, CONCLUSION AND FUTURE CHAPTER 7: 
WORK 
The aim of this thesis is to improve the understanding of the performance           
of conventional and textured SiR insulators under different environmental 
conditions using AC and positive DC energisations. Discharge activities and          
dry band arcing events occurring on the surfaces of wet and polluted                 
SiR insulators exposed to different conditions are also examined. The flashover 
performance and the pollution layer characterisation on the wet-polluted surfaces 
of different insulator designs are also investigated. Electrical parameters, like 
leakage current magnitude and accumulated energy, are used as indicators 
along with the thermal and visual records to assess the performance and           
the condition of each tested insulator surface. 
In this chapter, a summary of the research conclusions is presented along with    
a brief discussion on the experimental results. Moreover, suggestions regarding 
the further work for the future research are proposed.  
7.1. Performance in the rotating wheel dip tests  
These tests were carried out to investigate the aging performance of                 
SiR polymeric insulators using the rotating wheel dip test based on IEC 62730.  
Both AC and positive DC tests on textured and non-textured insulator designs 
were performed. A computerised data acquisition system was developed to 
monitor and save the test voltage and leakage current waveforms. Thermal and 
visual video records were also conducted in order to reveal any surface heating 
on the insulator surfaces due to the discharge activity and dry band formation. 
Surface hydrophobicity tests were performed as described in the STRI 
hydrophobicity classification guide. To evaluate the localised surface 
conductance measurement and its variation trends on each insulator surface,    
an IEC 60507 conductance meter with a spherical probes design was utilised.  
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The long-term results of the RWDT showed that the textured insulator design has 
a superior electrical performance in comparison with the conventional design 
under AC and positive DC energisations. Textured insulator profiles have 
enhanced surface properties against tracking and erosion with only a minimum 
loss of material observed. This performance enhancement is attributed                      
to the reduction of the surface current density, which leads to a reduction in the 
drying and the discharge activity on the insulator surface. 
Discharge activity occurring on the hydrophobic surfaces of SiR insulators was 
investigated. Records using a thermal infrared camera showed that a higher 
temperature was observable on the conventional surface. Due to a temporary 
loss of hydrophobicity, leakage current may increase, and the SiR surface is 
subsequently degraded by the development of dry band arcing. Dry band arcing 
induces hot spots, which may cause secession of the chemical composition       
at the surface and, therefore, accelerate the degradation of SiR materials. 
Continued discharge activity reduces the number of LMW chains on the surface. 
These changes may lead to a further loss of hydrophobicity, thereby, decreasing 
the electrical performance. 
Textured surface designs also exhibited a lower increase of surface conductance 
during the test compared with non-textured insulators. This tendency can limit           
the chance of flashover events and improve overall insulator performance. 
The symmetrical model of an 11 kV SiR insulator has been developed for 
computational studies. The simulation results revealed the high field regions 
along the leakage path of the insulator with a good correlation with the practical 
observations on discharge activities. These results also provide useful 
information about surface heating that could be used to predict the formations of 
the dry band over the insulator surface. 
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7.2. Artificial pollution layer characterisation over the insulator 
surfaces 
SiR insulator designs with 4-shed insulators with flat conventional surfaces and 
with textured patterns (TT or TTS) were polluted based on a modified version of 
the IEC 60507 solid layer method. The pollution suspension was modified by 
adding a non-ionic wetting agent (Triton X-100) to increase the wettability of the 
hydrophobic SiR surface and to improve the uniformity of the pollution layer 
across the insulator surface. 
Based on the clean fog testing method, extensive tests were carried out             
to characterise the behaviour of the insulator surfaces under different conditions. 
ESDD and NSDD parameters were determined for different materials and the 
performance of the conventional design and for first time on the textured design 
were also assessed. For leakage conductance evaluation, several low voltage 
tests using AC and positive DC excitations were conducted. 
The results of these tests demonstrated that the textured surface design shows    
a significant improvement in reducing the pollution deposition on the insulation 
surface. Textured surfaces on rectangular samples do not considerably increase 
the accumulation of pollutant. This was observed during the ESDD evaluation 
with an artificial layer, and the increase in dimple size (6 mm). The ESDD values 
measured for the TXT6 samples were three times lower than that obtained for the 
CONV samples at different volume conductivities. This confirms that the dimple 
size of the textured surface has a significant effect on the removal of the 
contaminant deposition.  
In 4-shed insulators, the two materials of SiR insulation  has shown very similar 
ESDD values confirming that the Triton X-100  wetting agent temporarily 
removing the hydrophobicity properties. Furthermore, textured designs have 
presented comparable ESDD value with the conventional insulators. 
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Under both AC and DC voltage tests, the maximum leakage conductance of the 
tested insulators was measured and an interesting trend of layer conductance 
was observed with textured designs. This trend was significantly delayed the 
wetting and this could be useful to delay the growth of the leakage current 
formation on the insulator surface, thereby, improving the electrical performance. 
7.3. Performance under clean fog  
7.3.1. Tests procedures 
The test procedures for polymeric insulators have been presented based on        
the proposed test procedure of IEC 60507 solid layer method for ceramic 
insulators. Extensive tests were carried out to investigate the performance of SiR 
insulators. These tests included the clean insulator fog tests, the high voltage 
flashover ramp tests and the clean fog tests with voltage sources of AC and 
positive DC energisations.  
For the former test, the test voltage of 0.87 kV was applied to the insulator for     
18 minutes. Then, the test voltage was increased steadily at steps of 4 kV up to 
43 kV at which the supply voltage was switched off to avoid flashover. For the 
method of high voltage ramp, tests were conducted to investigate the flashover 
performance of SiR insulators by increasing the applied voltage at a rate of         
4 kV/min. This increasing rate was sufficient to cause a flashover within               
5 to 10 minutes. Tests were performed in a sequence of four voltage ramps, with 
each ramp completed by the occurrence of a flashover event. The comparison of 
SiR polymeric insulators for 11kV systems using artificial pollution tests was also 
investigated. The clean insulator was polluted based on the pollution suspension 
proposed by Cardiff University. The insulator was left to dry for at least 24 hours 
then it mounted for the fog chamber and tested for one hour under AC and 
positive DC energisations. 
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For the clean insulator fog test, a withstand voltage of the standard insulator was 
recorded within 30 minutes. No discharge activities or actual flashover events 
were observed below 40 kV. However, above 40 kV, significant discharge activity 
was detected and revealed by visual records. The flashover ramp voltage test 
method was very replicable with consistent results were obtained. The 
performance under various test conditions was evaluated. Several parameters, 
such as the leakage current, and the flashover voltage levels, were determined 
from the experimental measurements to identify any features of aging. Measuring 
the leakage current and applied voltage waveforms for the full range of the high 
voltage tests using LabVIEW program allowed the calculation of further electrical 
parameters. These parameters made it possible to characterise each insulator 
design and obtain useful information. 
Observations using the thermal and visual cameras were also recorded. These 
recordings provided useful information for the development of discharge activities 
on the insulator surface and the growth of dry band formation on the silicone 
rubber insulators. 
7.3.2. High voltage ramp tests conclusions 
The flashover performance of SiR polymeric insulators during the clean fog tests 
was investigated. An extensive series of high voltage tests under different 
conditions was performed.  A comparison between the ramp voltage series of 
conventional (CONV) and 6 mm textured trunk (TT6) insulator designs was 
performed. The effect of the wetting rate and the pollution severity levels were 
also investigated. 
For the same wetting rate of 9 l/h and the same insulator profile, severely polluted 
layer has an influence on the flashover voltage (FOV) and 26 % reduction in the 
FOV was obtained by increasing the pollution degree to the 1.15 mg/cm2.  
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For a similar pollution severity level of 0.64 mg/cm2, the mean FOV was 
significantly increased by increasing the wetting rate for both insulator designs. 
The average FOV of the CONV insulator at fog rate of 9 l/h was 9 % larger than 
that obtained under 4 l/h.  This growth of the FOV was also obtained for the TT6 
insulator and a 30 % increase was achieved. An inverse relationship between the 
flashover voltage and the layer conductance was found and revealed by           
the U-curve variation of the flashover. The flashover voltage was substantially 
decreased with the increase of the pollution layer conductance, which was 
related with the controlled wetting of the layer. The flashover voltage was found 
to steadily recover due to the washing effect of the pollution layer. Therefore, the 
wetting level was found to play an important role in determining the flashover 
voltage of SiR insulators. 
Textured trunk insulators made of 6 mm designs showed an improvement of the 
flashover performance which might reach 16 % compared with conventional 
insulators. The same effectiveness of this design (TT6) was also revealed under 
higher polluted conditions with a lesser improvement of the flashover voltage 
reaching 14 %. The performance of TT6 design under harsh polluted conditions 
was considerably reduced. It showed a lower improvement, up to 6 %.  
Current measurements and the electrical parameters of the SiR insulator showed 
that the insulator was most susceptible to the flashover events at the first ramps. 
This was attributed to the fully wetting of the pollution layer and the smallest 
leakage resistance value. For the following ramps, the FOV was gradually 
increased due to the longer exposure of the pollution layer to the washing effect 
and to the heating caused by the preceding FOVs. This results also revealed that 
the pre-flashover leakage current, at a certain level of voltage, gradually 
decreased as the FOV increased, which this confirms an inverse relationship 
between the leakage current and the flashover voltage.  
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The results in overall showed that the textured surface design seems to be more 
effective than the conventional design and can improve the flashover 
performance of SiR insulators. 
7.3.3. Performance of SiR insulators under clean fog test using     
AC and DC voltages 
The performance of SiR insulators was investigated using the clean fog test. Two 
different insulator designs were used: a conventional smooth insulator and          
a textured pattern design. Both leakage current and voltage signals were 
recorded during the test and the post processing procedure was then used          
to calculate the electrical parameters of the test results. The rms leakage current 
and the accumulated energy were selected to compare the performance of each 
insulator under AC and positive DC energisations. Monitoring was also 
undertaken using thermal and visual records of the insulator surfaces. 
Under AC energisation test, the rms leakage current and the cumulative 
dissipated energy for the conventional insulator was relatively higher compared 
with the textured design. The highest amplitude of the leakage current measured 
for the conventional design was two times higher than that recorded on the 
textured. The cumulative dissipated energy was 45 % bigger for conventional 
insulator than the textured. Furthermore, for both insulator designs, the dissipated 
energy was approximately two times higher for positive DC voltage compared 
with rms AC voltage. This result revealed that positive DC energisation test was 
more severe than the AC energisation.  
During the test, the conventional insulator exhibited very regular dry-band 
formation in the shank region, but this was not constantly observed for the 
textured insulator.  Texture design was also shown very little evidence of 
discharge activities and lower surface temperature profile than the conventional. 
Moreover, the observation from the AC and DC tests revealed that surface 
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degradation, including tracking and erosion, was more severe in the case of the 
conventional insulator design. This work concluded that textured insulator 
designs can improve the performance of SiR polymeric insulators under AC and 
positive DC energisations. 
7.4. Future work 
In this study, the performance of high voltage SiR insulation materials was tested 
in extensive laboratory investigations under AC and DC excitations. However, 
further investigations are still required to improve the performance of such 
insulators. The following areas are proposed for future research: 
 The tracking wheel test facilities at Cardiff University could be modified    
to facilitate the long-term testing of textured insulators using AC and DC 
voltages. The fog chamber could also be adapted to implement              
the 1000 h salt fog test. Such tests will clearly evaluate the performance       
of textured designs against tracking and erosions.   
 High voltage ramp tests need to be expanded to investigate the flashover 
performance of different SiR insulator designs (including textured) using 
HVDC energisation. 
 In the field, many complex factors and environmental conditions may 
affect the performance of textured SiR insulators. It is suggested that 
further investigations be performed to simulate severe ambient conditions, 
such as the accretion of ice and dust. The results obtained from both the 
laboratory tests and the field investigations will clarify the reliability of 
textured insulators for use in outdoor insulation. 
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